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ABSTRACT

This research is on a development of a variable focusing microlens system. The
studies of modern researchers have thrown new light on this subject, which has aroused
intense interest in making tunable focusing microlenses. The most well-known methods
are liquid crystal and electrowetting. Both methods require electrodes immersed in the
electrolyte solution, causing severe optical distortion, and require complicated fabrication
processes. Few attempts have thus far been developed to make variable focusing lens
using other approaches.

However, two novel actuation mechanisms have been developed in this work for
generating significant forces to change the physical dimensions of an elastic polymeric
lens structure to control the focal length. The two proposed actuation mechanisms are: 1)
the microfluidic and 2) the Electro-Active Polymer (EAP) actuations. By pneumatically
regulating the pressure of the microfluidic chamber, the elastic lens can be deformed,
causing the changes in the focal length. EAP is another method to transfer electrical
energy to mechanical deformation. This energy transformation causes the deflection on
the lens and induces its focal plane to be shifted.

For the microfluidic lens system, a novel PDMS to PDMS casting process to
fabricate 3D convex elastic microlens diaphragm is developed. This new fabrication
technique has a potential for producing low-cost elastic microlens arrays. Microlenses,
with a diameter of 600~1400 uni, are fabricated using this fabrication technique. The

curvature changes of the microlens were from 1210um to 3238um. With this wide
iti
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range of curvature changes, one can control the back focal length from 3.82 mm to 10.64
mm, and the numerical aperture from 0.09 to 0.24. The numerical aperture of this optical
device can then reach 0.24, about 4 times that of a conventional planar diaphragm
(NA=0.05).

Moreover, a new “two-step copolymerization” technique has been developed to
fabricate an elastic silicone-based gradient refractive index (GRIN) lens. This is a flat
lens with a gradient refractive index distribution within the lens structure. Moreover, this
GRIN lens is elastic, so it is deformable with high elongation under mechanical stresses.
Finally, this lens is made by a dielectric material, and can be integrated easily into an
EAP actuator, generating enough mechanical force to cause the deflection on the GRIN
lens and induce a shift in focal length. The characteristics of GRIN lenses and EAP
actuation have been studied in this work. It appears that this is the first reported work
proposing a dynamically tunable focusing GRIN lens with an EAP actuation. Further
research needs to be carrying out for optimizing the proposed approach for its desired

application.
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CHAPTER 1

INTRODUCTION

1.1 Overview of Variable Focusing Lens

This dissertation concerns the theoretical design description and device fabrication
of two dynamic variable focal lens systems by two different actuation approaches:
microfluidic and Electro-Active Polymer (EAP) actuations. These two actuation methods
can change the shape or refractive index profile of the lens and its focal length according
to image viewing distance. With the ability to vary the focal length, these optical devices
can may have improved good image for different viewing distance and provide image
correction for large viewing angle. This variable focal length lens is a useful component
for optical communication, biomedical instruments, and other diverse micro-optical
system applications. For example, in medical instrumentation, a microlens is ideal for
advanced bioanalytical instruments, and microscale microscopes have potential in
genomics and proteomics, as well as high-throughput clinical applications. Moreover,
various kinds of optical devices such as cameras, microscopes and optical pick-ups need
lens and focusing mechanisms to obtain clear images or optical signals.

Most commercial optical devices have conventional lens and mirrors with no
inherent focusing function, made of glass or plastic has a fixed focal length. They must

focus by moving the optical element or the object. For this reason, many moving parts
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such as combdrives, slides, and motors are used for conventional optical devices.
Systems with many moving parts require more complicated driving mechanism and more
working space. However, complex system architecture assumedly reduces the reliability.
To eliminate all the abovementioned drawbacks, the lens with a variable focal length
should work like a human eye’s crystalline lens, which is deformed by muscles. The lens
made of only solid material cannot realize the focal plane shift without any movement of
lens. For the purpose of focal plane shift by the lens itself, the structure of the lens must
be flexible and deformable under mechanical stress. In this dissertation, a new design
concept with two different actuation approaches is proposed to fabricate a lens which has

the focusing function itself without optical element movement.

1.2 Variety of Variable Focusing Microlenses

Single microlenses and microlens arrays have been developed in the past for
applications in photolithography, imaging, optical communications, and more recently,
for lab-on-a-chip systems as the multiplex focusing components [1]. Dynamically tunable
lenses have also been reported as an initial effort to extend the current capabilities and
applications of such microlenses. These tunable lenses eliminate the need for optical
alignment or scanning. Liquid crystal immersed microlenses [2] and variable focal length
liquid lenses controlled by electrowetting [3, 4, 5] have been proposed to fulfill these
needs. The liquid crystal microlenses, however, suffer from aberrations due to
non-uniformities in the electric field, and the operation of electrowetting-based
microlenses requires high driving voltages and is accompanied by liquid evaporation.

Recently, a novel variable-focus lens system with no mechanical moving parts has

been developed and demonstrated by Stein Kuiper and his colleagues at Philips Research
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Laboratory. The shape of the lens is adjusted by applying an electric field across the
hydrophobic coating such that it becomes less hydrophobic—a process called
‘electrowetting’, that results from an electrically induced change in surface-tension. As
the surface tension changes, the aqueous solution begins to wet the sidewalls of the tube,
altering the radius of curvature of the meniscus between the two fluids and, hence, the
focal length of the lens. By increasing the applied electric field, the surface of the initially
convex lens can be made completely flat (no lens effect) or even concave. Figure 1.1
shows the schematic cross-section and the results of its design. When a voltage is applied,
charges accumulate in the glass wall electrode, and opposite charges collect near the
solid/liquid interface in the conducting liquid. The resulting electrostatic force lowers the
solid/liquid interfacial tension and with that, the contact angle § and thereby the focal
distance of the lens. In (C) to (E) in Figure 1.1, ones are shown the shapes of a 6-mm
diameter lens changes at different applied voltages [5]

Incident light
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Figure 1.1 Schematic cross section of the fluid lens principle
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Another tunable electrowetting liquid microlens was demonstrated in Bell
Laboratories, Lucent Technologies [6]. The microlens consists of a droplet of a
transparent conductive liquid placed on a dielectric substrate with a low surface energy
coating. By varying the voltage applied to a set of electrodes positioned underneath of the
dielectric substrate, both the position and curvature of the microlens can be reversibly

changed. Figure 1.2 shows the cross-section design of Lucent’s tunable microlens.

conducting liquid _ground electrode

control electrodes
Figure 1.2 Schematic cross section of electrowetting microlens

As seen in the examples above, the liquid lens proposed by Philips Research
provides an exciting result of changing a liquid lens’s curvature by adjusting applied
voltage. However, the design of the electrodes and chamber sealing issues gfeatly the
complexity of device fabrication. The other liquid lens design, demonstrated by Lucent
Technologies, provides a simple electrode design positioned underneath the dielectric
substrate. The electrodes are of indium tin oxide (ITO). Although ITO is a transparent
conducting material, it still causes some optical distortion when light passes through the
conducting liquid and ITO electrodes. Therefore, an alternative variable focusing lens of
much simpler design is needed. In this dissertation, two variable focusing lens systems

have been presented.
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1.3 Objective

This dissertation is proposed to design and fabricate novel polymeric lenses with
two different variable focal length actuating mechanisms. More specifically, it is to
design and fabricate a new optical lens with the ability of fine tuning focal length. The
function of the new elastic polymeric lenses’ designs with variable focal length is a
necessary attribute in many applications of optical systems. It is desirable to implement
the systems without mechanical moving parts. This research work is broken into two
parts: an elastic polymeric lens and a multi-focal actuation system. It is necessary to have
an elastic polymeric lens which can be deformed under an applied force and return to its
original dimension when the stress is released. Further, control of the focal length can be
achieved by changing the radius of the curvature of the lens or the gradient index
distribution within the lens structure. By using microfluidic and electro-active polymer
(EAP) actuators, two complete optical systems with multi-focal actuator have been
developed.

Many different actuating approaches have been studied. This multifocal actuator is
an independent subsystem, indispensable for a complete optical device with elastic
polymeric lenses. The design concept is to use appropriate energy transformation
techniques to generate exactly specified forces. The function of the multifocal
microactuator is based on conventional force-producing principles to control the lens
curvature or the gradient refractive index distribution. Based on the force-producing
principles which cause the changes in focal length, there are several restrictions on

mechanical, electrical, and material properties of lens structure: the lens must be soft and
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flexible, or it should have dielectric properties in an electric field, and have gradient
refractive index distribution within the lens structure.

Material selection for a lens becomes very important to fulfill the necessary
requirements. Two lens designs have been proposed: a 3D convex elastic microlens and a
Gradient Refractive Index (GRIN) lens, each lens having its own actuation system. The
3D convex lens must be flexible, such that it can be integrated with a microfluidic
chamber to simultaneously control the focal length. The focal length of 3D lens is
dynamically adjusted by pneumatically controlling the pressure within the microfluidic
chamber. Furthermore, GRIN lenses offer an alternative to the conventional 3D lenses.
Perhaps the best known lenses are made of gradient-index glasses or gradient-index
polymers. The commercial GRIN lens made of glass or plastic has a fixed focal length.
All these gradient-index materials create a rigid, non-deformable lens structure; therefore,
they were eliminated in the preliminary material design stage. Only a few gradient-index
polymers have high elongation and dielectric properties. Selecting proper polymers for an
elastic GRIN lens is critical to the overall variable focal length system. Because materials
for GRIN lens must meet all the above three requirements to be integrated in EAP
actuators, the GRIN lens is a very important optical component in EAP driven actuator,
and it becomes crucial to the success in this research project. For the reasons stated, it is
necessary to understand the gradient-index lens with their optical properties. A summary
of all 3D elastic lens and gradient-index lens designs and their fabrication methods,
together with microfluidic and EAP actuator systems is presented in Chapter 2. The
design concept for fabricating variable focusing lenses will be discussed in detail in this

chapter.
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1.4 Methodology

The total concept map for the methodology is given in Figure 1.3. The goal is to
design and fabricate a dynamically tunable focusing lens, as the final system level of the
project. Top-down design is the most effective methodology for the design of complex
integrated lens with an actuator. To simplify the task of top-down design, the concept
map helps to understand design principles and their fabrication difficulties. However,
bottom-up verification requires a connection to the physical design. For optical
Micro-Electro-Mechanical Systems (MEMS) devices in this project, the components in
the physical design are 3D elastic polymeric lens and GRIN lens. There are two
independent design approaches for making a tunable focal length microlens. Microfluidic
actuation and EAP actuation are two different mechanisms which can be used as
multi-focal driving actuators. Exploiting this simple optical device involves materials

design and processing, as well as design for actuators and lenses.

System
Level

Device
Level

Component
Level

® = Novel 3D polymeric fens fabrication ®  Planarlens
b Precise dimensional control ® Elastic polymeriens
. Higher numerical aperture ® ... Dielectric material

® Larger back focal length Smalll lens size

® . Very high reliability

Figure 1.3 Concept map for the methodology
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1.4.1 Microfluidic Actuation

Fluidic devices are well suited for producing forces or movement in a simple
actuation structure. When used in microsystem, fluidic drives can take over a wide range
of tasks. They are particularly suited for MEMS devices because they have high power
density despite their sub-millimeter dimensions. Various types of fluidic components are
being used in medicine for microdosing systems, suction catheters, as well as in
environmental protection for chemical analysis. In this project, a 3D convex elastic lens
is integrated with a microfluidic actuator to simultaneously control the focal length of the
3D convex lens. The focal length of the 3D convex lens is dynamically adjusted by
pneumatically controlling the pressure within the microfluidic actuating system. A focal

length tuning ranging from hundreds of microns to several millimeters can be achieved.

1.4.2 Electro-Active Polymer Actuation

An electro-active polymer (EAP) elastomer actuator is basically a compliant
capacitor. The EAP is a dielectric medium consisting of incompressible, yet highly
deformable, elastomeric material. The electrodes are designed to be able to comply with
the deformations of the elastomer. As with any capacitors, when an electric field is
applied to the electrodes, positive charges appear on one electrode, and negative charges
on the other. This effect gives rise to Coulomb force between opposite charges,
generating a pressure known as the Maxwell Stress.

The Maxwell stress forces the electrodes to move closer, thereby squeezing the
elastomer. As the elastomer is thinned, it elongates in the directions perpendicular to the

applied force. By using the deformation, EAP is used as a micro-actuator to change the
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dimension of lens and to control its focal length. A GRIN lens is integrated in the EAP

actuation mechanism as a complete dynamic focusing microlens system.

1.5 QOutline of Dissertation

The objective of this project is to develop and characterize a dynamically tunable
focal length microlens that can change its focal length with a driven actuator. This
research is to systematically characterize the design of flexible polymeric lens and
examine the actuation system for various focal lengths. This research is accomplished
through design concepts, computer modeling, fabrication, and optical testing. In total, this
dissertation develops design techniques, fabrication, and characterization of polymeric
lenses.

To provide a basic understanding of the principle of the optical lenses and actuation
systems, an introduction to the material design and optical properties of elastomer lenses
and two designs of driven actuators is covered in Chapter 2. There are two approaches for
using different driving force to adjust the focal length of the lens. Both variable focal
length microlenses using fluidic and electrical actuation are discussed, and both actuation
mechanisms are characterized with their performance evaluated.

Chapter 3 demonstrates the design and fabrication of tunable liquid-filled microlens
integrated with microfluidic actuator. The characteristics of the 3D PDMS convex lens
are measured. The lens surface and mechanical properties of PDMS film are presented in
Chapter 3.

Chapter 4 focuses on material design and processing for gradient-index lens

fabrication with a description of the polymer synthesis. The optical principle of GRIN
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lens, the basic material design of silicones by two-step copolymerization method, and its
polymeric structure have been examined.

To investigate an efficient electrical actuator with the GRIN lens, Chapter 5
addresses the elastic nature of the EAP material. This chapter is devoted to the
description of material properties, including EAP material and compliant electrode
materials. The principle behind the dielectric properties is outlined, and the fabrication
procedure for actuators developed from silicone elastomer is depicted.

In Chapter 6, the deflection of the 3D microfluidic convex lens is measured. With a
complete relation equation between uniform pressure and deflection, the variation of the
focal length is presented. Moreover, the experimental results for the optical
measurements of GRIN lens, made by two-step copolymerization method are shown.
Measurements of the voltage vs. deformation curves for varying thickness of EAP film is
also presented, along with comparisons to the different compliant electrode materials
used in the applications.

Chapter 7 provides a summary of results, comparison of these two approaches, and

recommendations for future research.
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CHAPTER 2

MULTI-FOCAL LENS SYSTEM DESIGN

2.1 Design Overview

The purpose of this research is intended as a development of variable focusing lens
system. The studies of modern researchers have thrown new light on this subject,
arousing immense interest in making tunable focusing microlenses. Most well-known
methods are liquid crystal and electrowetting. Both methods require electrodes immersed
in the electrolyte solution, and this requirement causes severe optical distortion. The
fabrication processes for both methods are also very complicated. Only a few attempts
have so far been made to make variable focusing lens by using other approaches.
Liquid-filled microlenses provide an alternative method to control the focal length of the
lens by changing the curvature of the lens. As a beginning for this project at the
preliminary design stage, the very first question to be discussed is suitable actuation
mechanism may be used in this case. This new actuation mechanism must take
advantages of other existing approaches which have been already used.

Two novel actuation mechanisms are proposed for generating significant forces to
change the physical dimensions of lens structure and to control the focal length. These
two actuation mechanisms are microfluidic chip and Electro-Active Polymer (EAP). By

pneumatically regulating the pressure of the microfluidic chamber, the elastic lens can be

11
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deformed causing the changes on the focal length. EAP is another method to transfer
electrical energy to mechanical deformation. This energy transformation causes the
deflection on the lens and induces the focal length shifted.

After the actuation systems have been decided, the second task is to design a lens
which can be integrated into the actuation systems. The lens, as mentioned above, must
be elastic, so it can be deformed under stress and returned to its original shape when the
stress is released. Two types of polymeric lenses with high elongation under stress are
proposed and designed. A 3D polymeric lens, coupled with microfluidic chip, can provide
a wider range of focal length and a higher numerical aperture. In addition to the 3D
convex polymer lens, a novel process has been developed to fabricate a Gradient
Refractive Index (GRIN) lens by two-step polymerization method. Later sections of this
chapter present the optical characteristics for these two types of lenses in detail.

It will be useful first to make a distinction between the lens components and
actuation mechanisms. Designs for lens components and actuation mechanisms can be
separated, but they are closely dependant on each other. Chapter 2 offers the key to an
understanding of each component’s functionalities. This chapter is split into two parts:
the first section concentrating on describing the optical design for 3D microlens and
GRIN lenses in detail. Some of the optical properties of the lenses are examined, and the
optical principle of the lenses discussed. The second section presents the performance of

microfluidic and EAP actuation mechanisms.
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2.2 3-D Flexible Polydimethyl-Siloxane
(PDMS) Microlens

A new concept has been developed to fabricate a flexible PDMS microlens, based on
a continuation of fabrication process on a well-developed photoresist reflow technique.
Numerous manufacturing attempts have been made by researchers to demonstrate the
microlenses for many years. Many methods have been examined for the production of
microlenses; these include chemical process methods, physical method, and optical
methods [7]. Table 2.1 summarizes the process techniques for both methods.

Table 2.1 Possible fabrication techniques for making microlenses

Chemical Method Physical Method Optical Method
Reactive ion etching [8] Hot embossing [11] Optical interference [13]
Ion etching [9] Photoresist reflow [12]

Deep proton irradiation [10]  Mechanical milling [12]

The polymer microlens examined in this research is produced using the photoresist
reflow method and mold casting technique. A mold casting method to fabricate polymer
microlens has never been examined. This method provides a novel way to fabricate
microlenses with low cost and precise dimension control for mass production. This new
process development has been claimed as an invention for a patent. This method is now
discussed in detail.

The photoresist reflow method was suggested by Popovic in 1988 [14]. The reflow
photoresist method involves the melting of islands of photoresist. When the islands are
melted, the liquid photoresist surfaces are pulled into a shape which minimizes the energy
of the system. The shape of the microlens can be well approximated by a spherical
surface. The critical angle, 6., is the angle at which the photoresist meets the solid

substrate, as illustrated in Figure 2. Three surface tensions become involved in this
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process. They are as follows:
1. Sis: Surface tension between the substrate and the liquid,
2. Spv: Surface tension between the liquid and the vapor,

3. Sgv: Surface tension between the vapor and the substrate.

Before Reflow After Reflow

Figure 2.1 Sketch of photoresist reflow process
These three surface tensions have to reach the static equilibrium and the convex shape.
The magnitude of the critical angle, 0., is governed by the surface tensions of the liquid
resist, the surrounding air, and the substrate properties. The reproducibility of fabrication
of same critical angle of microlens is achieved at constant material properties and
ambient conditions.

After melting photoresist structure to form spherical lens shape, this microlens is
used as a mother lens. The next step is to transfer the photoresist microstructure to PDMS
master by casting method. This PDMS master consists of concave microlens, which is the
negative from the original reflowed photoresist lens. By spin-coating a PDMS thin film
on the PDMS master, a convex PDMS microlens can be fabricated. This technique of
making a PDMS microlens from a PDMS master mold is innovated. There are no reports
in the literature of making elastic polymeric microlenses by using the same material for
both master mold and final lens structure. The details of fabricating 3D PDMS microlens

array are presented in Chapter 3.
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2.3 Gradient Refractive Index (GRIN) Lens

To understand the nature of gradient-index (GRIN) lenses, one should consider the
way a conventional lens works. A conventional glass lens can bend light only at its
surfaces. At the interface between air and glass, rays of light will change direction
according to the abrupt change in the index of refraction. By carefully controlling the
shape and smoothness of the lens surfaces, these rays can be brought to a focus and form

an image.

o

Figure 2.2 Profile of conventional lens

The shape and smoothness are two most important factors which may affect the
image quality. Many techniques have been investigated for obtaining a lower surface
roughness and a better surface curvature controlling in conventional lens industry. With
improper lens surface profile and lens material impurity, chromatic aberration, spherical
aberration, and astigmatism account as serious problems in image quality and image
detecting ability. In the device-design stage, engineers have to study these three main
aberrations on the optical components to design a good optical lens. In production lines,
technicians have to assemble all optical components in a systematic way to avoid the
image distortion and to obtain a “perfect” image. The high cost of lens fabrication and

assembly and the low reliability of the device have goaded researchers to find alternative
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ways to replace the conventional lens. Gradient Refractive Index (GRIN) lenses have
thus gained attention by several research groups.

Because of these considerations, optical designers are becoming interested in
utilizing gradient-index optics to replace the conventional lens. GRIN lenses offer an
alternative to the often painstaking craft of polishing curvatures onto glass lenses. When
exploring this area, the results show that Gradient-index (GRIN) profiles are a part of
daily life, and variations of refractive index are part of living creatures. Exner in 1889
discovered that insect eyes are composed of rods which act as lenses due to their varying
index of refraction [15]. The human eye as well has a radial gradient-index profile [16].
Gradient-index lenses are useful for optical communications and in imaging systems
because they do not rely on shape for their optical properties; a completely flat piece of
GRIN material can act as a lens. In addition, rods or fibers with this characteristic can be
used to image an object at one end to a detector at the other. These properties simplify
both the design and alignment of optical systems and allow them to be smaller than they
conventionally would be.

As the diagram (Figure 2.3) indicates, by gradually varying the index of refraction
within the lens material, light rays can be smoothly and continually redirected towards a
point of focus. The internal structure of this index "gradient" can dramatically reduce the
need for tightly-controlled surface curvatures and results in a compact and simple lens
geometry. In other words, controlling light ray direction by changing the index of
refraction and having all optical characteristics of conventional lens without strict
requirements of surface curvature, GRIN lens can be expected to become an important

role in the photonic industry in near future.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

Figure 2.3 Profile of a GRIN lens
In the current commercial GRIN lens market, GRIN lens designs can be classified
into four (4) main groups: axial gradient, transverse gradient, radial gradient, and
spherical gradient.

2.3.1 Axial Gradient

Axial symmetric gradients are studied and manufactured more commonly. This type
of lens has a gradient profile in which the refractive index varies along the direction of
light propagation, or optical axis. This type of lens has the same refractive index plane,
called an “isoindex surface,” perpendicular to the lens axis, as shown in Figure 2.4 [17].
This index gradient provides additional degrees of freedom in lens design for aberration
control. Axial gradient lenses can correct spherical aberration from a spherical lens. This
ability helps to increase the tolerance budget on optical aberration, the reason why this

type of lens has attracted more and more attention from optical design engineers.

Axial Gradient

Figure 2.4 Axial gradient-index lens
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2.3.2 Transverse Gradient

The second type of gradient-index lens is transverse gradient. A gradient profile’s
refractive index varies perpendicular to the direction of light propagation, or optical axis,
shown in Figure 2.5 [17]. This type of lens has the same refractive index plane, called an
“isoindex surface,” parallel to the lens axis. The principle of this lens is very similar to

the axial gradient lens.

Transverse Gradient
o TN
— /

\
A ~

Figure 2.5 Transverse gradient-index lens

2.3.3 Radial Gradient

The third type is the radial gradient. The axial gradient provides aberration control;
the radially-symmetric gradient can provide optical power. A gradient index profile’s
refractive index varies in a direction perpendicular to the optical axis, shown in Figure
2.6 [17]. Radial gradient lenses can focus light even when the lens surfaces are flat, in
which case, they are called Wood lenses. The isoindex surface is a cylindrical shape

parallel to the lens axis.
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Radial Gradient

/ Z y Z

Figure 2.6 Radial gradient-index lens

2.3.4 Spherical Gradient

The vast majority of gradient-index lens designs have some degree of symmetry.
The earliest gradient-index designs a spherically symmetric lens, the Maxwell fisheye
lens. It provides perfect point-to-point imaging within the lens. This lens is also called a
Luneberg lens, for Luneberg proposed as a spherical lens which can image an external
object.

2.3.5 Current Available Gradient
Index Lens Fabrication

Glass and polymers are the two well-known materials applied in the optical field.
Glasses have excellent transparency and low optical attenuation, but brittleness and high
process cost are their disadvantages. Polymers, on the other hand, have higher optical loss
but excellent mechanical properties, light weight, good flexibility, easy processing, and
low cost. As a result, the development of GRIN lens, based on both materials, has grown
rapidly in recent years. Several methods have been used to prepare GRIN lens. The
following sections introduce the fabrication method for glass and polymer GRIN lens in

detail.
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There are a variety of ways to fabricate gradient-index materials. Perhaps best
known are gradient-index glasses. The different fabrication methods have different index
gradient sizes and depths, summarized in Table 2.2 [18].

Table 2.2 Methods for GRIN glass fabrication with approximate
maximum gradient depth and An

Method Spatial Extent (mm)  An (max)
Ion Exchange 10 0.04
Neutron Irradiation 0.1 0.02
Chemical Vapor Deposition 0.1 0.01
Polymerization Techniques 100 0.01
Ion Stuffing 50 0.04
Crystal Growing 20 0.05

Neutron irradiation is a method in which a boron-rich glass is bombarded with
neutrons to create a change in the boron atoms and a consequent change in the refractive
index. Via masking, a three-dimensional index variation can be achieved. However,
heavy neutron doses are required, and there are doubts about the stability and radiation
hazards of the material produced.

Chemical vapor deposition (CVD) is primarily used to fabricate fiber optics with
radial index gradients. A glass or quartz tube has gases passed through it, causing glass to
form inside the tube, from the tube edge inward. By varying the gas compositions, an
index-gradient can be created.

For ion exchange, a base glass is immersed in a molten salt bath. Cations from the
bath exchange with the alkali ions in the salt (composing the glass), a proven technology
with decades of study and is used for commercial products. Furthermore, designs for
manufacturing methods are becoming more available. However, this technology requires

high-temperature ovens to melt the salt bath, and is therefore energy intensive.
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Ion stuffing uses special glass which its phase separates when heated. One phase of
the glass is soluble in acid and can be dissolved out to leave a glass sponge. When the
sample is exposed to a bath containing suitable ions or molecules, these diffuse in,
creating an index gradient.

With the crystal growing method, a seed crystal is used to pull a larger crystal from a
bath containing a mixture of chemicals. As the crystal is pulled, the amount of one
chemical in the bath decreases, causing the crystal to take more of a second chemical,
creating a change in refractive index. This process is potentially useful for working with
infrared optics.

These methods are all useful for various applications. But as has been seen, most
glass-based GRIN materials possess a relative small An, typically less than 0.04.
Moreover, the GRIN lens structure is rigid. It can not be coupled with an actuation
system for changing its focal length. Therefore, glass-based GRIN materials are not
suitable for this research.

As with the gradient-index glasses, there are several ways to make gradient-index
plastics. The different fabrication methods have different index gradient sizes and depths,
summarized in Table 2.3. Because polymers have refractive indices ranging from 1.4 to
1.6, it is expected that a large range of maximum An can be achieved, and this result is
indeed the case.

Table 2.3 Methods for GRIN plastic fabrication with approximate

values for maximum gradient depth and An.

Diffusion Method Spatial Extent (mm) An (max)
Photocopolymerization 3 0.05
Interfacial-Gel 10 0.02
Vapor Phase Transfer 5 0.03
Curved Mold 35 0.02
Immersion 40 0.1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



22

Photo-copolymerization, activated by ultraviolet light, is typically made with two or
more monomers mixed together in a glass tube. The tube is rotated, at a high speed in
RPM and illuminated by UV light. Only a portion of the tube is illuminated by the light,
and the light is moved upward at a constant rate, approximately 1 mm/sec. The variation
in the rate at which the monomers polymerize as the light travels upward leads to
variation in refractive index.

Interfacial-gel copolymerization typically uses a hollow tube made of one of the two
polymers being used for the diffusion. The tube is filled with a mixture of both monomers.
The tube 1s heated, and the polymerization proceeds from the inside tube wall. The
differing rates of polymerization of the two materials lead to an index gradient.

The vapor phase transfer method places a partially polymerized rod in an inert
atmosphere. The vapor of the diffusant monomer is introduced, which diffuses into the
rod. After diffusion is complete, the rod is heated to complete the copolymerization.

The curved mold method is a geometrical approach to creating large-radius
gradient-index polymers. A partially polymerized gel is made in a mold with a curved top.
A second liquid monomer is added, covering the gel. The monomer diffuses into the gel;
the whole of it is then heated to complete polymerization. An effective gradient-index
variation is achieved through the varying composition of the sample. This effect can also
be thought of as a variation of the immersion method, described next.

For immersion copolymerization, the first monomer is partially polymerized, and the
gel immersed in a liquid second monomer. After diffusion, or during diffusion, it is fully

polymerized. Both radial-symmetric and axial index-gradients can be created.
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2.3.6 Novel Method of Fabricating
an Elastic GRIN Lens

A new fabrication technique, developed by Calhoun Vision, is capable of easy
pattern formation for gradient-index polymer lens [19]. A guest macromer with higher or
lower refractive indices is diffused into the first polymer matrix made by PDMS, and
then the diffusion profile is fixed by final polymerization. The gradient-index profiles can
be selectively formed in the ultraviolet (UV) irradiated regions by using the difference in
diffusion rate. The proposed approach to modulate the refractive power of GRIN lens
composed of a first cross-linked silicone polymer matrix (PDMS), a guest macromer, and
a photoinitiator. The application of the appropriate wavelength of light onto the central
optical portion of the lens polymerizes the macromer in the exposed region, thereby
producing a difference in the chemical potential between the irradiated and nonirradiated
regions. To reestablish thermodynamic equilibrium, the unreacted macromer and
photoinitiator diffuse into the irradiated region. As a consequence of the diffusion process
and the material properties of the host silicone matrix, a gradient refractive index

distribution is formed within the lens. Figure 2.7 shows the schematic process flow [19].

. . . - 1Y 1]
polymerize ditfusion < locked” by
macromer of free polymerizing

macromer all macromers

Figure 2.7 Cartoon schematic illustrating the proposed diffusion mechanism
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The novel GRIN planar lens comprises a first polymer matrix and a macromer
dispersed therein. The first polymer matrix forms the optical element framework and is
generally responsible for many of its material properties. The macromer is a compound
that is capable of photo polymerization. The macromer is capable of photo-induced
polymerization and may be monomers, so long as:

1. It is compatible with the formation of the first polymer matrix;

2. It remains capable of photo-induced polymerization after the formation of the

first polymer matrix; and

3. Itis freely diffusible within the first polymer matrix.

Because of the requirement that the monomers must be diffusible within the first
polymer matrix, the monomers generally tend to be smaller (have lower molecular
weights) than the monomers which form the first polymer matrix. In addition to the
monomers, the macromer may include other components such as initiators and sensitizers
that facilitate the formation of the second polymer matrix. In the current material research
based on our previous work on variable focal length lens and EAP actuation, the first
polymer matrix is set to poly-dimethylsiloxane (PDMS). Based on the properties of
PDMS matrix, material for the macromer, photo-initiators, and sensitizers have been
searched for finding proper materials and fulfill the above three requirements.

Another important reason for using this approach is due to the cross-linked silicone
polymer matrix which is made by PDMS with gradient refractive index distribution; its
dielectric property makes integrating with the EAP actuation mechanism easy. Therefore,
the whole device can be made of GRIN PDMS lens with two compliant electrodes. It can

fulfill the functions of gradient refractive index distribution, and variable focal length.
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2.4 Micro-Fluidic Actuation System

A new polymer microlens with the variable focusing properties is proposed in this
section. The microlens consists of a thin diaphragm with 3D convex lens, chamber, and
microchannel made of Polydimethyl-Siloxane (PDMS). Figure 2.8 shows the overall
microfluidic actuation design and its components. The microfluidic system provides
simultaneous control by adjusting the fluid pressure within the microfluidic system.
According to “Micro/Nano R&D Magazine”, the US microfluidics market was ~$128
million in 2002, and expected to grow to ~710 million by 2008. Microfluidics has a great
market potential as an actuation system. The novel fabrication approach has been
developed to cast a 3D PDMS microlens film by the PDMS mold. This film with a
microlens acts as a diaphragm. The flexible PDMS microlens and diaphragm then are
integrated on a microfluidic chip. Varying the pressure in chamber, which produces the
focal plane shift, can change the curvature and back focus length of the lens. The new
fabrication method provides the easy fabrication, reproduction, and precise dimension
control. The variable focal length of microlens is critical to increase the efficiency of the
light detection in optical or biophotonic applications. In this study, the fabrication
processing, mechanical and optical property testing, and simulation results are presented

in detail in Chapter 3.
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PDMS Microlens
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Figure 2.8 Overall microfluidic system and its components

2.5 Electro-Active Polymer (EAP) Actuation System

Limiting factors to microfluidic actuation, introduced in the previous section, are the

slow actuation response time, complicated fabrication process, and lack of precise focal

tuning control. Electro-Active Polymer (EAP) has attracted much attention to be used as

another alternative actuation for tuning focal length of the PDMS lens. The advantages of

EAP are the following:
1. Operating in room condition for long period of time
2. Having Rapid response time (mSec levels)
3. Holding strain under DC activation
4. Inducing relatively large actuation forces

EAP has unique characteristics that determine its applicability to transducer applications.

Table 2.4 highlights aspects of its unique performance, operations, materials, and

manufacturing characteristics. The data in Table 2.4 attempt to identify the fundamental

material performance of each technology [20].
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Table 2.4 Electrical and mechanical performance for all types of actuators

Specific Elastic
. Elastic Energy . Relative
Actuator Type (specific Maximum Maximum Energy Density Maxn.mum Speed
<o Pressure ; Efficiency
example) Strain (%) (MPa) Density (J/em3) (%) (full
J/g) cycle)

Dielectric Elastomer
(Acrylic) 380 72 34 34 60-80 Medium
(Silicone) 63 3.0 0.75 0.75 90 Fast
Electrostrictor Polymer
(P(VDF-TrFE)

4.3 43 0.49 0.92 ~80 est. Fast
Electrostatic Devices
(Integrated Force Array) 50 0.03 0.0015 0.0015 > 90 Fast
Electromagnetic (Voice Coil)

50 0.10 0.003 0.025 > 90 Fast
Piezoelectric
Ceramic (PZT) 0.2 110 0.013 0.10 920 Fast
Single Crystal (PZN-PT) 1.7 131 0.13 1.0 90 Fast
Polymer(PVDF) 0.1 438 0.0013 0.0024 ~80 est. Fast
Shape Memory Alloy (TiNi) >5 > 200 >15 > 100 <10 Slow
Shape Memory Polymer 100 4 2 2 <10 Slow
Thermal (Expansion) 1 78 0.15 0.4 <10 Slow
Electrochemo-mechanical
Conducting Polymer 10 450 23 23 < 5% est. Slow
(Polyaniline)
Mechano-chemical > 40 03 0.06 0.06 30 Slow
Polymer/Gels (polyelectrolyte)
Magnetostrictive (Terfenol-D)

0.2 70 0.0027 0.025 60 Fast
Natural Muscle
Peaks in nature 100 0.80 0.04 0.04 . Slow-Fast
Human Skeletal >40 035 0.07 0.07 i Medium

By applying DC voltage on two compliant electrodes, the polymer shrinks in
thickness and expands in area. With these characteristics, circular electrodes are designed
and examined. With different DC voltages, electrostatic force causes the polymer to be
deformed. Depending on the fabrication processes, the polymer film would be bent and
produce an out-of-plane or in-plane deflections. These two actuation configurations are

described in following sections.
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2.5.1 Out-of-Plane EAP Actuator

The EAP diaphragm actuators can take advantage of the large strain capability of
dielectric EAPs to produce large out-of-plane deflections and correspondingly large axial
displacement. This large deflection makes a concomitant decrease in the radius of
curvature of the lens. The best films allow for out-of-plane deflection equal to 50% of the
diaphragm diameter [20]. Figure 2.9 shows a PDMS diaphragm actuator undergoing
out-of-plane deformation in which the diaphragm changes shape from flat to
hemispherical. The small number of moving parts will allow for high reliability and quiet

operation.

B B .

After voltage is
applied

Before voltage is
applied

Figure 2.9 Circular EAP with out-of-plane deflection
Figure 2.10 also indicates the simulation result on the deformation profile by
Conventor. The simulation results show that an out-of-plane deflection is induced when

the boundary conditions between the surfaces of substrate and diaphragm are fixed in all

directions.
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Figure 2.10 Deformation distribution (a) top view, (b) bottom view.

2.5.2 In-Plane EAP Actuator

The second EAP diaphragm actuators can produce large in-plane area expansion and
cause the lens area to be squeezed in area and thicken in the thickness. A thin PDMS film
is stretched uniformly across a circular hole in a rigid frame. Carbon grease is applied to
small hollow circles at the center of film and on top and bottom of film as compliant
electrodes. When a voltage is applied to the electrodes, the film between the electrodes
expands in area, and contracts in thickness. This expansion in area and contraction in
thickness on the hollow electrode areas can cause the center portion to be squeezed in
area and thicken in the thickness. By controlling the applied voltage, the area and
thickness of lens can be measured with an optical microscope, a video camera, video
digitizing hardware, and digital measurement software. So the lens’s in-plane area
changes can be determined when a given voltage is applied. By coupling with axial
GRIN lens, the focal length varies when the refractive index distribution is changed by
the lens’s area and thickness. By changing refractive index distribution alone the distance

from center axis, the focal length can be controlled accurately. Figure 2.11 shows the
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in-plane actuator mechanism and illustrates the refractive index distribution changed

when the GRIN lens structure changes.

GRIN Lens

Polymer Film
Stratched on a
Rigid Frame

Top ™ e
Elecirode

Rigid
Frame
Voitage Off Voltage On
Gradient
Refractive Index
(Top View)

Refractive Index
Distribution

Figure 2.11 In-plane movement with circular EAP
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CHAPTER 3

VARIABLE FOCUSING MICROLENS WITH

MICROFLUIDIC CHIP

3.1 Basic Design Concept

The study of the variable focusing microlens has been an area of activity for many
years. Variable focal length is a necessary attribute in many optical applications if the
object being imaged is not in a fixed position. Several recent publications have
recognized that the potential for variable microlens impacts significantly the field of
optical applications [21][22]. The variation of focal length can be provided by a
focalizing mechanism to cause the focal plane shift. The different approaches using liquid
crystal [23][24] and electrowetting method [3][25] have been investigated by some
researchers, but the liquid crystal lens is limited to the small lens, and the electrowetting
liquid concept lens requires a high-voltage source. Both methods required electrodes,
which are immersed in the electrolyte solution, causing severe optical distortion. A
variable focusing liquid-filled lens with a pressure-driven mechanism was also
demonstrated [26]. However, the numerical aperture of this lens is limited because the
lens was made by a planar glass diaphragm.

A new concept has been developed to fabricate a flexible polydimethyl-siloxane

(PDMS) microlens with microfluidic chip. The microlens is a 3D convex polymer lens on

31
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a thin diaphragm. The diaphragm is integrated on a microfluidic chamber to
simultaneously control the focal length of microlens. The microchamber on the
microfluidic chip is filled with working fluid. Changing the fluid pressure causes the
change of the curvature of the polymer lens inducing focal plane shift. Together with the
deflection of PDMS diaphragm, a microlens, attached on the diaphragm can provide with
much higher numerical aperture than a planar glass or polymeric membrane. Moreover,
the 3D convex lens provides a focal point when the diaphragm is at an initial position.
This design of microlens, working much as a human eye’s crystalline lens, provides more
flexibility on back focal length and higher numerical aperture than previous research
showed on liquid-filled variable focal lens. The numerical aperture of the new PDMS
microlens can be achieved to 0.24, about four times of conventional planar glass
diaphragm (NA =0.05) [26]. The higher numerical aperture microlens, integrated on a
microfluidic chip will perform a high-resolution and high signal-to-noise detection in
optical MEMS applications. The high numerical aperture of a microlens is critical to
increase the efficiency of the detection ability. This design has the advantages to be used
as a micro optical component with high numerical aperture, variable focal length, and
low optical distortion. These attributes make this design attractive to the optical pickup in
many applications, such as optical switch, camera, microscope, and optical signal
processing.

In addition, a novel batch process of making polymer lens arrays has been developed.
It is a cast method to fabricate convex PDMS microlenses on a thin diaphragm by using a

cured PDMS concave microlens master mold. This method can produce highly
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dimensional accuracy, high optical quality, and a high production rate with low cost. The

design, fabrication, and characterization are presented in this chapter.

3.2 Fabrication Processes

The conventional lens has a fixed focal length. However, a variable focus lens
should work like a human eye’s crystalline lens that can be deformed by muscles. The
variable focal length microlens was successfully designed and fabricated which included
two parts: a microlens diaphragm and a microfluidic chip. The PDMS thin film with
convex lens is a passive diaphragm while the microfluidic chip acts as an actuating part.
PDMS is selected as the lens material because it features a good optical property with
large elongation and bio-compatible.

The new design and fabrication technology of microstructure for optical elements
with the diversification of optical devices and system are been strongly demanded. One
of keys to processing is 3D microlens fabrication. It was observed in the preceding
chapter that various fabrication processes of microlens have been reported, such as
reactive ion etching (RIE), ion diffusion, deep proton irradiation, and physical methods
such as hot embossing, injection molding, micromachining, and photoresist reflow. The
microlens materials are varied depending on the fabrication methods, which include
polymethyl methacrylate (PMMA), photosensitive glass, photopolymers, and UV curable
resins [14]. However, each microlens produced from these methods has a rigid structure
with a unique focal length. Most of fabrication processes are complicated and require
specific facilities for producing microlenses. A novel PDMS casting fabrication
processing has been developed to fabricate a elastic three-dimensional Polymer microlens.

The processing schematic is shown in Figure 3.1.
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Photoresist (PR)
patterned on the wafer

Microlens array after
heat treatment

PDMS cast on the PR
lens array

PDMS master mold

PDMS spin-coated
on master mold

Final PDMS lens film

Figure 3.1 Fabrication sequence for array of polymer microlenses

3.2.1 Fabrication of Photoresist
Reflow Microlens

To fabricate the microlens by molding, a mother lens of the same shape as the final
PDMS lens is needed, and the photoresist reflow method is used to make it. The first step
is to generate photoresist pattern by conventional photolithography. Second, the
photoresist pattern is thermally treated for reflowing into lens shape. The photoresist
reflow method, suggested by Prpovic in 1988, is to melt photoresist structure to form
small lenses shape due to the surface tension of the liquid resist [14]. The method of
creating a smooth profile hemispherical polymeric mound has been used in applications
such as three-dimensional inductors and fiber optics devices and for microfluidic
applications. In this work, the same method is used in the fabrication of microlenses.

Depending on the final thickness desired, Clariant® AZ 100XT photoresist was

spin-on coated with different spinning speeds on 4-inch diameter silicon wafers. The
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sample was soft baked from 70°C to 110°C on a hot plate for 30 minutes or longer,
depending on the final thickness of the photoresist layer. After the soft curing, the sample
was taken out from the hot plate and naturally cooled down to room temperature
overnight. Before UV exposure, the sample was dipped in DI water for one hour to let the
photoresist absorb moisture. Conventional UV lithography was carried out to create
patterned circular photoresist mesas, and the sample was developed in MF300 developer
(Shipley).

Next, the photoresist layer in the sample was thermally reflowed on a hot plate to
convert photoresist mesa structures into the deformed photoresist mounds. To create the
uniformly deformed photoresist mound, the sample was exposed to acetone vapor before
the thermal reflow process, as suggested by Fletcher et al. [27]. The hot plate was
preheated to 50°C before acetone exposure was started. The sample was placed on a
4-inch petri dish, which is in turn placed in an acetone-contained 6-inch petri dish with a
spacer. Another 6-inch petri dish was placed on top of the bottom 6-inch petri dish right
after the acetone was poured in so that the evaporated acetone vapor was kept inside the
petri dishes and the photoresist mesa was exposed to the evaporated acetone vapor. The
wafer was immediately placed on another hot plate with temperature of 95°C, and was
kept at that temperature for 10 minutes. At this point, the polymeric mesa was uniformly
deformed. Acetone vapor and moisture absorbed inside the polymeric mesa were
removed. The final hard curing of the mesa from 120°C to 150°C on the hot plate
stabilized the mesa from further reflow in subsequent fabrication processes. SEM
photomicrographs of photoresist microlens with a diameter of 1400pum and its array after

thermal reflow process are shown in Figure 3.2.
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Figure 3.2 SEM images of 1400um diameter photoresist microlens (a)
single spherical lens (b) an array of microlenses (c) closer view on the
edge of photoresist microlens
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3.2.2 Casting Method for Elastic
PDMS Microlens

After completing the photoresist mother lens, the next step is the transfer of
photoresist microstructure to PDMS master by casting method. PDMS is chosen as a
master material because it provides high dimensional accuracy and easy fabrication. Dow
Corning Sylgard 186 silicone is used as the master material. After the PDMS master is
dried in a vacuum oven for 2 hours at 5 mtorr of pressure with 75°C, the mold is peeled
off from the mother lens wafer. The PDMS master consists of a concave microlens array.
Figure 3(a) shows the SEM images of the master. The diameter of the concave surface is
1400 pm.

The final step is spin coating PDMS on the PDMS master. Depending on the
spinning speed, a thick or thin film with a unique dimension of microlens can be obtained;
then, PDMS film is dried for 2 hours at 5 mtorr of pressure at 75°C. Finally, the lens film
is peeled out from the PDMS master. Before the new PDMS layer does not crosslink with
the cured PDMS master mold on the interface during curing process, it is easy to peel-off
the film from the master mold. The SEM pictures at Figure 3.3 show a PDMS mold and
PDMS microlens film with a microlens (1400 um at diameter and 85 um height at the

center of lens).

(@) (b)
Figure 3.3 SEM photographs for (a) PDMS concave master, and (b) final PDMS film
with convex lens
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3.2.3 Microfluidic Chip Fabrication

The microfluidic chip includes a silicone chamber and a PDMS chamber block with
an inlet channel. Figure 3.4 shows the cross-section view of the microfluidic chip
structure. It is necessary to have a silicon wafer between PDMS microlens film and
PDMS chamber block for the silicon wafer provides smooth and rigid surface for
bonding with both PDMS microlens film and PDMS chamber block. A through hole on a
silicon wafer with a diameter of 1400 um is formed by Inductively Coupled Plasma (ICP)
dry etching. A chamber mold is designed and built to create a circular chamber with an
inlet channel. PDMS prepolymer mixture is then cast to form the body of a 1400 pm
chamber and a channel. The PDMS mixture is subsequently cured in an oven for 2 hours
at 75°C. The cured PDMS chamber is peeled off from the mold.

Finally, both the lens film and PDMS chamber block are bonded to the silicon
substrate by using a high strength epoxy to avoid any leakage (Devcon All Purpose
Epoxy). The overall dimension of the prototype, as shown in Figure 3.5, is about Smm x

4.5mm x 2.5mm (L x W x H).

PDMS Microlens

<100> wafer with a 1400
pm through hole

duind € 03 392uu0)

PDMS Block with a Connector
Figure 3.4 Schematic cross section for microfluidic chip structure
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(PDMS)

Figure 3.5 A prototype of variable focal lens with microfluidic chip

3.3 Characteristics for 3D PDMS Microlens

PDMS microlenses, diameter range from 600pum to 1400pm, are successfully
fabricated. In this chapter, a microlens with 1400 pm diameter has been used for
characterization. The surface profile, the mechanical and optical properties of PDMS
microlens, has been characterized. In addition, the simulation with finite element analysis
(FEA) has been examined.

The surface profile of melted photoresist microlens is measured using Tencor Alpha
Step 500 System. This equipment uses a stylus with a 2pm chisel head as a probe and
scans the sample surface. Figure 3.6 shows the surface profile of photoresist lens. The
height of photoresist mother lens is 85 pm at the center point and the diameter is 1400

um, shown in Figure 3.6.
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Figure 3.6 Surface profile for photoresist microlens

The surface roughness of mother lens and PDMS master mold are very important
parameters which may affect the optical properties of final lens. An atomic force
microscope (Quesant Instruments scanning probe microscope, AFM) examines the
surface roughness. AFM provides true 3D topographic images, which also yield surface
roughness data on the nanometer scale. In the analysis, AFM measures surface roughness
on an area of 10umX10um of sample’s surface. Table 3.1 indicates the comparison of
average surface roughness for photoresist microlens, PDMS master mold, and 3D PDMS
microlens. The results indicate that surface roughness is changed after each processing
step of PDMS coating and peel-off process. However, the surface roughness for the
PDMS master and final PDMS microlens film does not show any significant change. The
roughness for both master mold and final PDMS microlens film is about 17~18.6 nm,
which is still in an acceptable range for optical lens requirements.

Table 3.1 Comparison of surface roughness for photoresist microlens,
PDMS master and final PDMS microlens

Photoresist PDMS Final PDMS
microlens master microlens

Average

Roughness 8.61 nm 17.2 nm 18.6 nm
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The mechanical properties of PDMS film are examined by applying a load at the
center of the PDMS film. The corresponding deflections with various loadings are
measured. Figure 3.7 shows a linear relationship between applied load and deformation at
the center of the film. The maximum loading force for 100um thick PDMS film is about

20g. The PDMS film can be ruptured if the applied force is larger than this value.

20
a
|
15 =
-
— n
2 .
o = Sample #1
:.'-; 10 e Sample #2
L . A Sample #3
5
- Force = 0.02305[g/um] * Displacement[um]
0 m
0 200 400 600 800 1000

Displacement (um)
Figure 3.7 The relationship of applied force and film displacement

The optical characterization of microfluidic lens with variable focal length is studied
further in Chapter 6. The back focal length is characterized by measuring the changes in
the lens’s contact angle. A study of the relationship between pump-in volume, contact
angle, and focal length is examined and the results are discussed in Chapter 6. Moreover,
a simulation on the deflection of 3D PDMS microlens film is used to compare the
experimental results. A complete optical experimental results and simulation analysis are

presented in Chapter 6.
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CHAPTER 4

DEVELOPMENT OF ELASTIC POLYMER

GRADIENT-INDEX LENS

4.1 Background and Related Research

A gradient refractive-index (GRIN) lens is an optical medium with a parabolic
refractive distribution. For a converge GRIN lens, the refractive index is highest on the
circular lens’ axis and decreases toward the periphery with the square of the radial
distance from the optical axis. The refractive index, n=c/v, is the ratio of the speed of
light in a vacuum (c) to the speed of light in the material medium (v). The refractive

index at any distance » from the optical axis is given by
r2
n(r)=n0(1—A-?) 4.1)

where n(r)is the refractive index at any distancer, n, is the refractive index of the

optical axis, A is the positive gradient constant, and r is the radial distance from the
optical axis. GRIN elements with imaging and light-focusing properties have been used
widely in image-transmission system and optical communication systems such as copy
machines, facsimile lens arrays and optical circuit networks. In the current commercial
GRIN market, the manufacturing techniques provide only lenses with a fixed focal length

because the lens structure is rigid. A tunable focal length of GRIN lens may enhance the

42
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ability of image capture and quality by changing the focal length to detect the images
with various distances.

The objective of this chapter is to fabricate a polymer GRIN lens and integrate it
with a proper actuation to change the shape of GRIN lens and to control the focal length.
In this project, GRIN lenses with high focal length tuning ability are for the first time, to
be designed to eliminate the need for 3D lens fabrication and provide higher optical
performance. This design can be widely used in many optical systems, and has very high
market potential.

To design a tunable focal length lens, there are three requirements for the material
design of a gradient index lens. First, the ability to dynamically tune the microlens with
an integrated actuator is the most important goal in the overall project. The lens must be
deformable under an external force. The lens is elastic with high elongation when a force
is applied. Second, the GRIN lens is integrated in an electro-active polymer (EAP)
driving mechanism, so the lens must be a dielectric material. The mechanical driving
force of the dielectric elastomer derives from Coulomb charge attraction. Both electrical
and mechanical phenomenon of electro-active polymer (EAP) actuation mechanism will
be described in Chapter 5. Finally, a proper material design is needed to develop a
gradient refractive distribution inside the lens structure. Glasses and polymer are the two
well-known materials applied in the GRIN lens field [29]. The former have excellent
transparency and low optical attenuation, but brittleness and a high process cost are their
disadvantages. Therefore, glasses cannot be deformed under an applied force and provide
only one fixed focal length. The latter have higher optical loss but excellent mechanical

properties, light weight, good flexibility, easy processing and low cost. To fulfill the
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above three requirements, glasses materials are eliminated, and polymers are the only
possible materials in this application.

Before selecting a proper polymeric material for GRIN lens structure, it is necessary
to understand all the recent GRIN lens development in current academic research and
industrial technology. The development of GRIN polymers has grown rapidly in recent
years. Indeed, several methods have been used to prepare GRIN polymeric optical lens:
two-step copolymerization [30,31], the extrusion method [32], interfacial-gel
copolymerization [33], and photopolymerization [34]. In the two-step copolymerization
method, a lower-refractive-index monomer diffuses into a crosslinking matrix to form a
GRIN distribution, but this method is restricted by the lens geometry. In the extrusion
method, the GRIN profile is formed mainly by the diffusion or volatilization of a
monomer; however, the long processing time required strictly limits the diameter of the
GRIN lens. In the case of the interfacial-gel copolymerization method, polymerization in
the interfacial-gel phase is faster than in the monomer mixture solution, and a GRIN
polymer is gradually formed from the periphery toward the center of the lens owing to
the difference between the monomer reactivity and the molecular size of the monomer
pairs. However, this method also generates many voids and bubbles as a result of the gel
effect of polymerization. To avoid the drawbacks of these methods, a new method for
preparing a GRIN lens is proposed in this chapter. This novel method is very similar to
two-step copolymerization. It uses the advantages of two-step copolymerization, but it

creates a larger lens size by modifying the molecular sizes of monomers for a higher

diffusion rate.
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To investigate this new technique on fabricating GRIN lens, it becomes essential to
consider the synthesis mechanism of polymers for designing polymeric GRIN lenses.
Silicones, such as polydimethysiloxane (PDMS), are considered in this study and seem to
be a good candidate for application in both GRIN lens and EAP actuator. Silicones have
thousands of different compositions and the most important thing is that it is a dielectric
material. This aspect makes PDMS very attractive for fabricating an adjusting focal
GRIN lens with EAP technology. The scope of this chapter is to explore the optical
principle of GRIN lens, the basic material design of silicones by two-step

copolymerization method, and its polymeric structure.

4.2 Optical Properties for Thin Gradient-Index Lens

The first step in the design of a GRIN lens is to determine the index of refraction
necessary for a radial-gradient lens to produce an extended focus, with an infinite object
distance. The design constrained the line focus to be offset from the back surface. The
index profile is derived with geometrical optics. As seen in Figure 4.1, the GRIN lens has
a radial gradient-index distribution with planar surfaces, whose back focal length is

proportional to incident ray height away from the optical axis [35].
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Figure 4.1 Illustration of optical parameters for radial gradient-index lens
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Higher incident ray indicates a larger value ofr. From the optical geometry in
Figure 4.1, it is easy to find out that the back focal length increases when r increases. D.
J. Fischer et al reported an investigation of a Gradient-Index Axicon [35]. This
investigation indicated the incident light is assumed to be collimated and collinear with
the optical axis. For this design, a simple focal behavior is desired, and the back focal

length is chosen to be

Jr)=fi+

"7 Af (4.2)
2 —h

’
where r is the radial ray position at the front surface 2 and is always positive (» =0), r,
and r,is the minimum and the maximum incident ray height allowed, fi, f; is the back

focal length for a ray entering at the ray heightr,,7,, Afis f; - fi and is equal to the focal
region length, and n(7) is the refractive index, as a function of radius.

Assuming a thin sample, equivalently a weak gradient, the index variation
experienced by any ray is small, and there is negligible beam displacement in the material.
The radial ray position at the emerging wave front is then considered equal to the input
position. The wave front displacement z(r) from the back surface describes the emergent
wave front. The slope of the wave-front normal is then given by —dz/dr. Because the

geometrical ray angle is equal to slope of the wave front normal, the wave front is
described by the ray angle 6(r) by

tan(6) = -2 ~ -

a  f()

4.3)

Where z(r) << f(r), and the wave front offset from the back surface is assumed to be

much smaller than the back focal distance. With the focal-length expression and the
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identity

X X a
dx=———In(a+b 4.4
Ia+bx p o7 atbx) (44)

The wave front is determined to be

r

(-2

Z(”)“ f h—h

(4.5)

AR ln[fl 1 (r—rl)}

h—h ,
The weak gradient assumption allows the determination of the index of refraction by the

optical path argument:

n(0)t = n(r)t +z(r)

() =n(0)- 22 (9

where n(0), the index of refraction at the center of lens.

With Eq(4.5) for z(r) and simplifying, the index profile for this GRIN lens is

n(r)=n, -2 '{(r—r])Af—[(rz -0, —nAf]ln[Hﬁi—f}} (4.7)

r
t (Af ) h—h
where n, is equal to n(0). Assuming no central obscuration, # =0, the index expression

reduces to the form

n(r)=n, - (Af) {mf rf 1n[1+:2 j’: ]} (4.8)

One can confirm this index equation by inspecting two limiting case: Af — 0, and
f; = Owhere r=0. In the first case, by using L’Hospital’s Rule, the design is reduced to
that of a unifocal lens. As expected, the index equation reduces to the quadratic

radial-gradient form for a lens with back focal length f,,
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2
7

A1}1_1)10n(r) =n, _7f1 4.9)

In the second case, again found by use of L’'Hospital’s Rule, the focus begins at the back

surface. The index equation reduces to a linear form, as expected,

}rin})n(r,r1 =0)=n, -, 4.10)

tAf
Insight into the role of the GRIN profile is gained by writing equation (4.8) in a series

expansion,

2
. r’+ Af2r3— (A{)3r4+... (4.11)
2tf, 3ntf, 4r,’tf,

n(r)=n,

The first term is the index of refraction at the center of the GRIN lens. The second term
describes the paraxial base power of the lens. This focusing power provides the offset of
the focal region from the back surface. The remaining terms are factors of Af and are
sources of aberration. Similar to theory of using an aberrated-lens system, this aberration

can be viewed as providing the linear focal shift.

4.3 Material Design Principle

While the GRIN plastics and their fabrication methods have been studied, no
investigations of manufacturing a flexible GRIN lens have been done. Most GRIN plastic
provides only a rigid plastic lens structure and a unifocal length. Rigid lens structures
cannot provide the change of the focal length. Therefore, it is necessary to create a new
material design which can produce a flexible and diclectric polymeric lens.
Silicone-based materials have been attractive candidates for making elastic GRIN lenses

with a good dielectric property. Therefore, the research focuses on the development of the
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silicone-base polymeric GRIN lens. Silicone-base polymers provide many special
characteristics which can meet both optical and mechanical requirements.

Primarily, the silicone-based lens is elastic and deformable under stresses. Moreover,
silicone-base polymer, such as polydimethyl-siloxane (PDMS), is a dielectric material
which can be integrated with the actuation system. Finally, silicone-base polymers with
different curing system have been studied. Two-step curing can induce a gradient
refractive index distribution. The most well known methods for silicone curing
mechanisms are addition cure (Platinum cure), peroxide-activated cure, and UV cure. In
the later sections of this chapter, a novel two-step polymerization has been designed for
fabricating GRIN lenses. This new method uses two different silicone materials with
different curing systems: addition cure and UV cure.

A flexible GRIN silicone lens comprises with a cross-linked silicone polymer matrix,
a homogeneously embedded photosensitive macromer, and a photoinitiator, shown in
Figure 4.2 [19]. Herein, the polymer matrix forms the basic optical element framework
and is generally responsible for many of its material, mechanical, and optical properties.
The macromer is a low-molecular-weight polymer linked to a photo sensitive group. The
photo-initiator is an organic molecule that undergoes dissociation into reactive radicals

that begin the polymerization process on exposure to a specific wavelength of light.
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Figure 4.2 Material design for GRIN lens

After the polymer matrix is formed, the refractive power of the lens may be
selectively adjusted by exposing the lens to an ultraviolet (UV) light. On UV irradiation,
polymerization of the photosensitive polymer occurs. The application of ultraviolet light
to a portion of the lens optic results in disassociation of the photoinitiator to form reactive
radicals that initiate polymerization of the photosensitive macromers within the irradiated
region of the silicone matrix. Polymerization itself does not result in changes in lens
power; it does, however, create a concentration gradient within the lens resulting in the
migration of non-irradiated macromers into the region now devoid of macromer as a
result of polymerization. The resulting chemical potential causes migration of
unpolymerized macromers and photo initiators down a diffusion gradient into the
irradiated area of the lens to form a gradient-index distribution. Once the desired power
change is achieved, irradiation of the entire lens to polymerize all remaining macromer

"locks in" the adjustment so that no further power changes can occur.
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4.3.1 Diffusion Mechanism

The polymeric GRIN lens comprises a photosensitive macromer dispersed in a
polymer matrix. The polymer matrix forms the optical element framework. The
photosensitive macromer may be a single compound or a combination of compounds that
is capable of photo-polymerization. As a general rule, the polymer matrix and the
photosensitive macromer are selected such that the components that comprise the
photosensitive macromer are capable of diffusion within the polymer matrix. Thus, a
loose polymer matrix will tend to be paired with larger photosensitive macromer
components, and a tight polymer matrix will tend to be paired with smaller macromer
components. Figure 4.2 shows the illustration of matrix and photosensitive macromer, as
a two-step polymerization system. The GRIN copolymer is examined for the fabrication
of a 2mm in diameter GRIN lens.

Upon exposure to an appropriate UV light, photosensitive macromer typically forms
a second polymer matrix in the exposed region of the optical element. The presence of
the second polymer matrix changes the material characteristics of this portion of the
optical element to modulate its refraction capabilities. In general, the formation of the
second polymer matrix changes the refractive index of the affected portion of the optical
element. After exposure, the photosensitive macromer in the unexposed region will
migrate into the exposed region over time. The amount of photosensitive macromer
migration into the exposed region is time dependent and may be precisely controlled by
diffusion time. If enough diffusion time is permitted, the photosensitive macromer
components will re-equilibrate and redistribute the refractive index profile throughout

optical element of the first polymer matrix, including the exposed region. When the
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region is re-exposed to the energy source, the photosensitive macromer that has since
migrated into the region, which may be less than if the photosensitive macromer is
allowed to re-equilibrate, polymerizes to further increase the formation of the second
polymer matrix. After the diffusion step is finished, the entire optical element is exposed
to the UV-light to "lock in" the desired lens property by polymerizing the remaining
photosensitive macromer components that are outside the exposed region before the
components can migrate into the exposed region. Because freely diffusable
photosensitive macromer components are no longer available, subsequent exposure of the
optical element to UV light cannot further change its power. Figure 4.3 shows the

sequence of macromer diffusion steps.

polymerize diffusion -
macromer of free polymerizing
macromer all macromers

Figure 4.3 Schematic illustrating the proposed mechanism of diffusion.
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4.3.2 Polymer Chemistry

Both matrix and macromer are macromolecules, long molecule chains made of a
number of smaller molecules, monomers, bonded covalently. Therefore, it is necessary to
apply the most fundamental concept of polymer chemistry. A polymer is often the name
given a group of very long polymer chains. These two basic polymers types are
homopolymers and copolymers. Homopolymers contain only one type of monomer unit,
while copolymers care composed of two or more monomer units.

Polymers are also commonly classified according to their structure, elasticity,
response to heating, and chemical components. The structures (see Figure 4.4) are linear,
branched, and networked. These classifications describe the amount of branching and

interconnections of the polymer chains.

Linear Branched Networked
Figure 4.4 Polymer structures.

The elasticity categories are elastomers, plastics, and fibers. Elastomers can be
greatly stretched and then returned to their original dimensions. In contrast, fibers are the
least elastic; plastics are somewhere in between. The polymer used for GRIN lens which
is integrated with electro-active polymer actuator must be an elastomer, so that the lens

can be deformed by a force applied in order to change the focal length.
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The heat-response categories are thermoplastics and thermosets. Thermoplastic
polymers soften when heated without their chemical structure being altered. The polymer
chains first soften allowing the separate polymer chains to slide past each other. Then the
Van Der Waals bonding is broken and chains separate completely, allowing the material
to flow. Thermosets are rigid polymers due to a high-degree of crosslinking, creating a
dense molecular network. Heat does not cause these polymers to change shape until the
stress is so great that the covalent bonds of the polymer chains degrade, and the polymer
is caused to decompose.

Polymers can be synthesized several ways. Step-growth polymerization, or
condensation polymerization, is a reaction between an organic base and an organic acid
which produces a polymer and a smaller molecule, such as water, that is condensed out.
Addition polymerization is the addition of single monomer molecules to a growing chain.
This process has the three steps of initiation, propagation, and termination.

Initiation for a typical monomer occurs when one of its carbon-carbon double bond
(C=C) is broken. This effect creates an active site with a strong affinity to react with other
monomer molecules. The two types of active sites are ionic and free-radical. A
free-radical site can be activated by ultra-violet light exposure or by heat application. The
creation and polymerization by free-radical sites can be promoted using an initiator, such
as benzoyl peroxide (BPO). Initiation begins when the molecule breaks due to heat,
providing two phenyl rings with open bonding sites. These rings bond to a monomer,
breaking the C=C bond and creating a free-radical site.

The initiated monomer then leads to propagation, as it has an activated site and can

bond to another monomer. This ability creates a subsequent bonding site, propagating the
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polymerization. If the monomer only has a single double bond, the polymer chain will be
linear. If there is more than one double bond, then the structure could be branched or
networked.

Termination of the polymer chain can occur in one of the three ways. The active site
can react with the initiator or with some other impurity that bonds and has no more open
sites for continued bonding. Two active sites (perhaps of two different chains) can bond
together, or two active sites can come into contact with one giving up an atom (usually

hydrogen) to the other, terminating both chains without combining.

4.4 Material Preparation

4.4.1 Possible Silicone Combinations

At any point in the development of polymer science, the technical appreciation and
understanding of the silicone chemistry is essential and important. There are thousands of
silicones in the current commercial markets, and there are many curing mechanisms for
silicone polymerization, such as air/moisture, thermal, UV light and platinum catalyst.
The design goal of this project is to find two different curing polymerization methods to
polymerize both the polymer matrix and macromer. The materials contain two polymer
components. Initially, a polymer matrix is formed by addition cure (platinum cure)
method. This silicone is a matrix material with a network structure. Macromer is the
second silicone component and is polymerized by UV light. Polymerized macromer has a
branched or cross-linked structure that extends homogeneously throughout the matrix.

There are many possible combinations of using any two silicones with different

curing polymerization mechanisms. In this research, silicones for matrix and macromer
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are prepared and tested. The material information for matrix and photo sensitive
macromers is shown in Table 4.1.

Table 4.1 Basic material information for matrix and macromers

Function Material Name Viscosity | Molecular Weight Refracti\gg Index
cSt g/mol np
Matrix MED-6233 50,000 36,000 1.410
PDV-0325 500 15,500 1.420
SYLGARD 184 3900 25,500 1.430
PDV-0525 500 14,000 1.430
PDV-1625 500 9,500 1.465
PMV-9925 300~600 2000~3000 1.533
Macromer DBE-R12 80~120 1500~1600 1.450
DMS-U22 180~250 1000~1200 1.436
SIB 1400.0 14~18 683 1.432
SIB 1402.0 1~2 386 1.449

Table 4.2 shows the change on the physical appearance of mixture after matrix and
macromer are blended. There are some interesting phenomena when two different
silicones are blended together. Due to the difference of refractive index and some
chemical structure, some mixtures become white opaque gels. According to polymer
chemistry, two different silicone polymers with a significant difference in refractive index
and incompatible chemical composition may cause the white appearance after blending.
A mixture of two different materials with incompatible chemical composition may
generate many small phase separations which are uniformly distributed within the
mixture solution. The light cannot go through the mixture directly and be bended
randomly. This characteristic is the reason for the white color and opacity appearing in
some mixtures. The mixture of matrix and macromer cannot phase separate, so light
transmission by the optical element should be unaffected. Mixing oil and water is a
notable example. Both oil and water before mixing are transparent. When they are mixed

together and stirred in a certain speed, their mixture becomes opaque with very poor
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transparency. The phase separation is generated while mixing two incompatible materials

and causes the mixture becoming opaque.

Table 4.2 Physical appearance after mixing macromer and matrix

Photo-Sensitive Macromers
SIB 1400.0 DMS-U22 DBE-R12 SIB 1402.0
RI: 1.432 RI: 1.436 RI: 1.450 RI: 1.450
White Slight white White substance | White substance
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Optical clear White substance Optical clear
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It is necessary to find which silicones are incompatible and which are compatible
before making GRIN lenses. Several observations in this experiment have indicated the
results on the compatibility of two mixed silicones. This data is very important for
selecting proper silicones for matrix and macromer. The composition of the mixture
which contains matrix and macromer is 7 parts of matrix and 3 parts of macromer. All
mixtures are blended well to ensure two silicones are mixed completely. All samples are
placed in a dark room for 24 hours. In Table 4.2, the observed results have been
summarized.

At the preliminary design stage for a diverging GRIN lens, Gelest Inc’s PDV-0325
and SIB 1402.0 are chosen as matrix and macromer, respectively. The difference in the
refractive index is about 0.03. In the following sections, the details on material
information and the reason for choosing them as lens materials are discussed.

There are two different combinations for diverge and converge GRIN lenses. By
selecting the proper silicones for matrix and macromer, diverging and converging GRIN
lens can be fabricated. If the matrix has a lower refractive index than macromer, the
higher refractive index macromer can diffuse into the lens from periphery toward the lens
center. The refractive distribution is a parabolic profile in which the refractive index is
highest on the lens periphery and decreases toward the center with the square of the radial
distance from the optical axis. This refractive distribution induces a diverging GRIN lens.
On the other hand, if the macromer’s refractive index is lower than the matrix’s, the
refractive distribution can be changed to the higher refractive index on the lens axis, and

it decreases toward the periphery. Thus, this kind of lens is a converging GRIN lens.
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For material design for diverging lens, the matrix is Gelest PDV-0325 Silicone
FElastomer, a pourable, optically clear silicone. The diffusant is
1,3-BIS(3-Methacryloxypropyl) Tetramethyldisloxane Gelest SiB1402.0. Their refractive

indices are given in Table 4.3.

Table 4.3 Molecular weight and refractive index of matrix and macromer

GRIN Type Diverging Lens Converging Lens
Silicone Function Matrix Macromer Matrix Macromer
Silicone Name PDV-0325 | SIB 1402.0 | PDV-1625 | SIB 1400.0
Molecular Weight (g/mol) 15,500 386.64 9,500 683
Refractive Index (n) 1.420 1.450 1.465 1.432
An 0.030 0.033

Large differences in molecular weight between matrix and macromer afford large
diffusion depths, with a refractive index change (An) of near 0.03. For converging lens,
the materials for matrix and macromer are PDV-1625 and SIB 1400.0, respectively.
PDV-1625 also provides a large molecular weight. The refractive index change is about

0.033.

4.4.2 Polymer Matrix

In this research, a vinyl-terminated diphenylsiloxane-dimethylsiloxane (PDV-0325
and PDV-1625 from Gelest Inc.) is used as the matrix. In general, the polymer matrix
comprises at least one monomer that upon polymerization will form the polymer matrix.
The curing system for the polymer matrix is designed to use addition cure system
(platinum Pt cure). The advantage of using addition cure chemistry is that it can provide
an extremely flexible basis for formulating silicone elastomers. An important feature of
the cure system is that no byproducts are formed, allowing fabrication of parts with good

dimensional stability.
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Both PDV-0325 and PDV-1625 are copolymer silicone which has a long molecular
string. Its molecular structure is
H,C= CH—Sli - Sli - Sll -CH=CH,
CH; \ CH; 4, CH,4

n 2

The long molecular string is terminated by Vinyl group (CH;) on both ends. By using
CH; to terminate the string, it can control the molecular weight between two ends of
Vinyl group (CH,). In the molecular structure, larger value of n indicates a longer string
and higher molecular weight. According to Gelest, the molecular weight can range from
9,500 up to 78,000 g/mole. In order to achieve the crosslinking it is necessary to add a
crosslinker HMS-301 (or some hydride fluid) in the mixture. Without it, the vinyl
terminated silicones will not have anything to react with the Pt catalyzed reaction. The

molecular structure for the crosslinker HMS-301 is:

AT R
CH, wSli -0 Sli -0 Sii -0 S}i —CH,4
CH3 CH::‘ m CH3 n CH3

Vinyl terminated polymers are employed in addition cure systems. The bond forming
chemistry is the platinum catalyzed hydrosilylation reaction which proceeds according to

the following equation:

-9 s P - i
| ) t
—O—§i=H  + HC=CH-$i—0— ——» —O0~8i~CH,CH,§i~0—
CH, CH, CH, CH,
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Both optical and mechanical properties for the polymer matrix are very important. The
refractive indexes of the matrix are 1.42 for PDV-0325 and 1.465 for PDV-1625. The
cured silicone matrix is an optically clear elastomer. According to Gelest Inc.’s product
catalog, the tensile strength 1s 500 psi with a large elongation of 400~450%. Both tensile
strength and elongation are two critical factors to influence the deformability of
“Electro-Active Polymer” (EAP) actuation system. Moreover, the molecular weight of
the matrix is 15,500 g/mol which must be larger than macromer (~386 g/mol). The ratio
of molecular weight of matrix and macromer is about 40. The larger molecular weight

ensures that macromer can freely move within the matrix structure.

4.4.3 Photo-Sensitive Macromer

The polymer matrix is polymerized and cross-linked in the presence of the
macromer. Under this scenario, the macromer must be compatible and not appreciably
interfere with the formation of the polymer matrix. Similarly, the formation of the second
polymer matrix should also be compatible with the existing first polymer matrix. The first
polymer matrix and the second polymer matrix should not phase separate and light
transmission by the optical element should be unaffected.

As described previously, the macromer may be a single component or multiple
components so long as:

1. Itis compatible with the formation of the first polymer matrix;

2. It remains capable of photo-polymerization after the formation of the first

polymer matrix; and

3. Itis freely diffusable within the first polymer matrix.
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In preferred embodiments, the photo-induced polymerization is designed. In general, the
same type of monomers that is used to form the first polymer matrix may be used as a
component of the macromer. However, because of the requirement that the macromer
must be diffusable within the first polymer matrix, the macromer generally tends to be
smaller (i.e., have lower molecular weights) than the monomers which form the first
polymer matrix. The macromer must be blended with other components such as initiators
and crosslinkers that facilitate the formation of the second polymer matrix.

To fulfill all three requirements, UV curable silicones are studied in this case.
There are many types of UV curable silicones, all providing high transparency and
refractive index control. They can be classified into two categories: Methacrylate and
Acrylate Functional Siloxanes. Methacrylate and Acrylate functional siloxanes undergo
the same reactions generally associated with methacrylates and acrylates, the most
conspicuous being radical induced polymerization, such as UV light. In this research,
1,3-BIS(3-Methacryloxypropyl) Tetramethyldisloxane (Gelest SIB 1400.0 and SIB1402.0)
is used as the diffusable macromer. Its refractive indexes are 1.432 and 1.4488,
respectively and molecular weights are 683 and 386.64 g/mol, respectively. The low
molecular weight makes SIB 1400.0 and SIB 1402.0 very attractive as the diffusable

macromer. Its chemical structure 1s:
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The viscosity of this UV curable macromer is about 1~18 cSt, which is contingent on the
molecular weight. Due to low viscosity, this UV curable macromer exhibits properties of

liquid form.

4.5 Fabrication Procedures

4.5.1 Silicone Compositions

Materials comprising various amount of (a) poly-dimethylsiloxane (PDMS)
(Vinyl-addition  silicone) as matrix, (b) Methacryloxypropyl Terminated
PolyDimethylsiloxanes as photo-sensitive macromer, (c) a UV photoinitiator,
2-Hydroxy-2-methyl-1-phenyl-1-propanone (Ciba Darocur 1173), (d) a crosslinker
(Gelest HMS-301), and (e) a Pt initiator for Vinyl-addition silicone cure (SIP6830.3), are
made and tested. The first four components (a, b, ¢ & d) are blended together initially.
PDMS with the crosslinker HMS-301 is polymerized by addition of platinum catalyst as
an initiator. PDMS formed is the polymeric matrix, and macromer and Darocur 1173
together are as photo-sensitive macromer composition. Table 4.4 shows that samples’
preparation and testing.

Table 4.4 Material composition for making GRIN lenses

Test g
No. " - " o S g Results
a8 o &8 o a8 S m S 8 T =% Ew =§
A ZEiu EeE ZEY £&d g2ds |#JEdE
1 90 10 - - 10 1.5 0.15 No Diffusion
2 80 20 - - 10 1.5 0.15 No Diffusion
3 70 30 10 1.5 0.15 Good Diffusion
4 60 40 - - 10 1.5 0.15 Good Diffusion
5 - - 90 10 10 1.5 0.15 No Diffusion
6 - - 80 20 10 1.5 0.15 Little Diffusion
7 - - 70 30 10 1.5 0.15 Good Diffusion
8 - - 60 40 10 1.5 0.15 Good Diffusion
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Appropriate amounts of matrix, macromer, Darocur 1173, and HMS-301 are weighed
together in a plastic pan, then manually stirred at room temperature until all materials are
well-mixed. These initial mixtures are stirred mechanically for 20 minutes before a
platinum catalyst is added. Then 0.15% of platinum catalyst with respect to matrix is
added into this mixture, and stirred manually. During stirring the mixture, many bubbles
are generated due to the platinum catalyzed reaction. The mixture is not disturbed and
allowed to rest at room temperature for 5 minutes. All bubbles move toward the surface
of the mixture surface, and disappear when they reach the surface. Due to the fast curing
rate of this polymerization process, the reaction is about 10 minutes after a platinum
catalyst is added into the mixture. The material handling is very critical after platinum
catalyst has been added. The resulting silicone composition is poured into a mold which
is made by transparent poly(methyl methacrylate) (PMMA). The mold is a small flat
sample holder. The mold is a square container with 4 side walls. The base area is
105X105 mm? and the depth is 1.4 mm.

The amount of photo initiator (1.5 wt. %) is based on the data provided from the
company (Ciba Specialty Corporation). Darocur 1173 is a versatile highly efficient liquid
photoinitiator, used to initiate the photopolymerisation of chemically prepolymers.
Darocur 1173 is 2-Hydroxy-2-methyl-1-phenyl-propan-1-one. Its chemical structure is

with a molecular weight of 164.2 g/mol:

O CH,

1

CH,
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According to the data analysis of absorption spectrum from Ciba in Figure 4.5, 1.5 wt. %

of Darocur 1173 is suggested to add to the samples to initiate the polymerization chain

reaction for a better polymer.
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Figure 4.5 Absorption spectrum for various concentration of Darocur 1173

The cure time for the first matrix to be formed takes about 30 minutes after platinum
(Pt) catalyst is added. The matrix with unpolymerized macromer composition in the mold

is moisture cured and stored in the dark at room temperature for a period of 30 minutes to

ensure that the resulting first matrix is non-sticky, clear, and transparent.

4.5.2 Lithography Exposure Steps

The exposure procedures are similar to the conventional lithography. A mask is
prepared and made the same size as the mold with several through holes. The diameter of
the holes is 2.00 mm. Figure 4.6 shows the photograph of the mask. The mask is placed
on top of the sample with a gap about 100~200um. The sample with a mask on top of it is

exposed to UV radiation under atmosphere in a clean room, using Electronic Vision Mask
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Aligner’s UV lamps exhibiting a wavelength /=365nm and an intensity o=7 mW/mm? for

120 seconds.

Figure 4.6 Photography of mask

The irradiated sample is then placed in the dark room for 24 hours to permit
polymerization and macromer diffusion. After the diffusion step, the sample is
photo-polymerized to lock all non-polymerized macromer in position by continuously
exposing the entire for 5 minutes. The exposure time is set to 5 intervals. Each exposure
interval is fixed to 60 seconds. Each interval has 60 seconds breaking time, so the total
exposure process takes 10 minutes.

After complete polymerization, a good symmetric and bubble-free GRIN lens was
fabricated. Experiments have been performed to show the images with no distortion.
These images can be observed through the GRIN lenses prepared by 2-Step
copolymerization. In Chapter 6, a complete experimental result of GRIN lenses on the
optical properties is described. The optical results for both converging and diverging
GRIN lens are shown, and the imaging measurement setup is established and the detail of

mstrument setup is discussed.
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CHAPTER 5

SMART MATERIALS: ELECTRO-ACTIVE

POLYMER (EAP)

5.1 Introduction to EAP

With the drive towards smaller and more efficient mechanical systems, there is a
growing demand for powerful and lightweight actuators. Smart materials are being
investigated as a technology to fulfill this need. Smart materials can alter their physical
properties in response to an external influence, such as temperature, pH levels, current or
magnetic fields. As a result of this characteristic, powerful smart material actuators are
being considered as an alternative actuator in an increasing number of applications.
However, these smart materials behave in a highly non-linear fashion, and there exists
hysteresis exists in the actuator response, both responses which make achieving an
effective control algorithm difficult [36]. Some examples of smart materials are Shape
Memory Alloys (SMA), piezoelectric ceramics and electro-active polymers (EAPs).

Electro-active polymers offer the promise of performance, physical and operational
characteristics that are not found in other transducer technologies. Originally developed
as muscle-like actuators for small robots, dielectric elastomers, sometimes called

“electroelastomers”, in particular, are a type of electroactive polymer that has
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demonstrated large strains, fast response, high efficiency, and other characteristics that
suggest that it may have wide industrial and commercial applicability [37].

This chapter focuses specifically on the dielectric elastomer type of EAP. Perhaps as
a result of the rapid advancement of polymer materials in the latter part of the 20" century,
many of the new actuator materials have been polymers, specifically electroactive
polymers. One new polymer actuator approach with good overall performance is
dielectric elastomers (DEs), which consist of a polymer material sandwiched between
two compliant electrodes. The electrodes can be made of a variety of compliant
conductive materials such as colloidal carbon in a polymer binder. When a voltage
difference is applied between the electrodes, the electrostatic forces resulting from the
free charges squeeze and stretch the polymer. Polymer film compresses in thickness and
expands in area when a voltage is applied across the film. Figure 5.1 shows the
functionality of EAP actuator before and after a voltage is applied [37]. This well-known
phenomenon, Maxwell stress, occurs with all insulators subject to an electric field from
deposited electrodes [38]. However, in the past, Maxwell stress has generally been
regarded as a “nuisance” effect in polymers—too weak to provide good actuation by
itself. With the development of soft polymer thin films with high dielectric breakdown
strengths, this view is changing, and several materials with exceptional overall
performance have been identified. The actuator performance of dielectric elastomers can

be quite high, particularly with respect to strain and energy density.
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Polymer film

c lm I ! E el
{on top and bottom surfaces)

Voltage off Voltage on

Figure 5.1 Functional element of dielectric elastomers

Successful applications for dielectric elastomer EAPs will be those in which these
unique characteristics best satisfy the demand of the particular application. In this
research, dielectric elastomer EAPs may simply offer a higher-performance or lower-cost
alternative to conventional transducer technologies. Based on the principle of satisfying
demand, compressing a polymeric film in thickness and expanding the film in area can be
carefully evaluated to integrate with GRIN lens in order to change the lens shape and the
optical properties such as focal length. By changing the physical appearance of flexible
polymeric GRIN lens in thickness and area, the dimension of GRIN lens is changed and
the focal length of GRIN lens can be controlled. The reason for studying EAP actuation
as a tunable focal lens mechanism is clear: EAP actuation converts electric energy to
mechanical deformation. This effect draws attention to control the focal length of a
flexible polymeric lens precisely by adjusting the applied voltage.

In Chapter 3, variable focusing microlens with microfluidic chip was demonstrated.
This microfluidic approach requires a high power external pump to control the pressure
of a liquid filled lens. There are some drawbacks of using fluidic pressure driven
mechanism, such as slow response time, complicated packaging process, and low

reliability. Consequently, EAP actuation can achieve much faster response time and
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simple assembly than previous variable focal length liquid filled lens with an external
pump. Further, its benefits include electrically modulated focal lengths as well as
non-optical distortion, as the electrodes are not located within the lens structure. EAP
driven actuation is an innovative design, advantageous as a micro optical actuator for its
fast response time, easy production, low cost, and accurate control ability on actuation.

In this research, EAP is first to be introduced by integrating with GRIN lens. The
unique properties of EAPs can enable the development of fundamentally optical devices,
but the promise of such new devices presents challenges associated with the design and
practical implementation of EAP-driven devices. This chapter describes the design and

fabrication of EAP actuator.

5.2 Actuation Principle

The EAP actuator based on dielectric elastomer technology operates on a simple
principle. Basically a capacitor with two compliant electrodes, the Dielectric EAP
actuator consists of incompressible yet highly deformable elastomeric material. As for a
capacitor, when an electric field is applied to the electrodes, positive charges appear on
one electrode, and negative charges on the other. These opposite charges give rise to
Coulomb forces between two electrodes, generating a pressure, known as the Maxwell
Stress [39]. When a voltage is applied across the compliant electrodes to generate
Coulomb forces between the electrodes, the polymer shrinks in thickness and expands in
area. In this research, exploiting this principle involves materials design and processing
as well as design of actuator geometries for dynamically controlling the focal length of a

pdlymeric GRIN lens.
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As described above, dielectric elastomer is composed of small molecular dipoles,
and they become polarized when exposed to an electric field. The polarized molecular
dipoles can convert electrostatic energy to mechanical energy (strain, stress) through the

Maxwell stress. In the following sections, the electronic properties are presented.

5.2.1 Dielectric Properties

In practice, most dielectric materials are solid. Examples include porcelain (ceramic),
mica, glass, plastics, and the oxides of various metals. Some liquids and gases can serve
as good dielectric materials. Dry air is an excellent dielectric and is used in variable
capacitors and some types of transmission lines. Distilled water is a fair dielectric. A
vacuum is an exceptionally efficient dielectric. Figure 5.2(a) shows the situation in which
a constant voltage is applied to a set of capacitor electrodes. Electric field lines may only
begin on free positive charges and end on free negative charges. Thus, surface charge
concentration builds up on the capacitor electrodes. The charge build up continues until
the voltage drop over the capacitor plates matches that of the voltage source. The relation
between the amount of free charge, Q and the voltage drop, V is

0=C-V (5.1)

where C is the capacitance of the capacitor,

C=2 (5.2)

where A is the area of the electrode plates, and t is the distance between electrodes. ¢, is
the vacuum permittivity, &, =8.854x10™"? F/m. The density of the field lines is known as

the electric flux density, or flux density. It is given by
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D=¢,E (5.3)
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(in electric field) (outside electric field)

Figure 5.2 Sketch for electric filed in (a) vacuum, the dipoles orientations for dielectric
material (b) between two electrodes, and (c¢) outside the electrodes

EAP elastomer is also an insulating, non-conductive material. This insulating
material composes small dipoles, which are electrically neutral, but positive and negative
electric charges are separated when an electric field is applied. Figure 5.2(b) depicts the
orientation of the dipoles which are exposed in an electric field. Comparing Figure 5.2(c)
with Figure 5.2(b), the dipoles have random orientation without an electric filed is
applied. When exposed to an external electric field, the tendency of a single dipole is to
align itself with the direction of electric field, such that the positive end points toward
lower potential, and the negative end points toward the higher potential. When all the
dipoles align in this way to an applied electric field, the material is known as a dielectric.

The flux density for dielectric material can be obtained by

D=¢E (5.4)
where ¢ is the dielectric constant of the material. The relative dielectric ¢, constant is

defined as the ratio between the flux density in vacuum and in the dielectric:
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£=— (5.5)

Therefore, the flux density and capacitance for dielectric material can be re-written as

D=¢¢gE (5.6)
r*o
c-ffod A (57)

5.2.2 Maxwell Stress

Coulomb charge attraction induces mechanical driving force in the EAP actuator.
When EAP film, as a capacitor, is charged by an electric field, positive charges reside on
one electrode, and equal amount of negative charges accumulate on the other electrode.
The compliance of the elastomer allows the charges to move closer by reducing the film
thickness and moving two electrodes together. Due to volume conservation, EAP is a
significant elastomer that can expand transversely to the electric field. This expansion
tends to increase the area of the electrodes. This increasing area lets charges on one
electrode move further apart, lowering the internal energy of the charges.

Suppose that the charge +£Q on each plate is built up gradually by transferring small
amounts of charge from one plate to another. If the instantaneous charge on the plates is
+q and an infinitesimal amount of positive charge d is transferred from the negatively

charged plate to the positively charge plate then the work done is
dW=qu=quq (5.8)

Note that the voltage difference is such that it opposes any increase in the charge on

either plate. The total work done in charging the capacitor is
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19 2
W=qu-dq=2QC=E-C-V2 (5.9)

W 1is the energy stored in a capacitor.

The force (F) between the electrodes can be found from

aw
=—— 5.10
o (5.10)
The differential of the energy is
1 &,-¢-4 1 A g5V 1 4

AW =d(= -2V ==-g -g,-V? - d(=)="2"2—(~dA- - dt

(2 - ) 5 & éo (t) > (t " )
(5.11)

when the voltage is constant. The differential of ? is found by noting that the volume is

constant during deformations,

d(At)=t-dA+ A-dt=0
dA__dr (5.12)

A t

which is inserted in the above to yield

2
aw =550V Ao e, B
. 2 t (5.13)
F=-2" ¢ .5, AE’

Using this simple electrostatic model, we can derive the effective stress produced by the

electrodes on the film as a function of the applied voltage. This stress, o is
g:%:gr.go-Ezzgr-go-(-I;—)z (5.14)

where €, and ¢, are the permittivity of free space and the relative permittivity (dielectric

contact) of the polymer, respectively; E is the applied electric field; V is the applied
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voltage; and ¢ is the film thickness. The response of the polymer is functionally similar to
that of electrostrictive polymers, in that the response is directly related to the square of
the applied electric field.

The stress depends upon the applied electric field to second order. In writing the
electric field as E=V1t, it is seen that the thickness of the insulating elastic film does enter,
and in fact, the stress is inversely proportional to the square of the thickness. This
characteristic opens two ways of increasing the stress: either by thinning the elastomer, or

by increasing the voltage. The elastomer thickness in this research was limited
downwards to about 20pm; the thickness could probably be lowered, but that is not
necessary for a proof of principle, since the voltage amplifier provides up to 5 kV. The
voltage is limited upwards by the dielectric breakdown strength, a material specific

constant. The dielectric breakdown strength depends upon material structure, the

temperature, and on the presence of impurities.

5.3 Variety of Compliant Electrodes

The term “compliant” is defined as the ability of a thin, conducting electrode to
follow the strain of EAP actuator, without generating opposing stress or losing any
conductivity. In this research, only electrodes made from the general system
“polymer-graphite” are put to use. Moreover, compliant electrodes play an important role
which can influence the performance of EAP actuation dramatically. In the following

sections, various types of conducting materials for compliant electrodes are introduced.
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5.3.1 Carbon Black Dust Electrodes

At the primary stage, an actuator made from 3M VHB 4910 tape was fabricated by
following SRI International’s approach. 3M VHB 4910 is a very compliant; it stretches at
least 200% before snapping. It is a class of dielectric EAP tapes used in many studies.
The tape has two different thicknesses: 0.5 mm and 1.0 mm.

The VHB film is easily stretched on a frame, up to 2 times in two directions. After
this stretch, the film is still sticky. Everything sticks to the film, including carbon black
powders. A carbon black, obtained from a laser printer’s cartridge, is a powder when
supplied. This duct can be transferred to the VHB film using a small hairbrush. These
electrodes provide with poor electrical conductivity. Moreover, this kind of electrode is

only possible to apply to films that are sticky.

5.3.2 Grease Electrodes

Carbon conductive grease is a high purity silicone oil loaded with branched carbon
to produce a highly conductive substance. In general, this carbon grease is used as
lubricant to improve the electrical and thermal connections between sliding surfaces,
while providing protection from moisture and corrosion. It is excellent for use on
switches and EMI shielding applications. In this research, carbon grease is used as
compliant electrodes. This carbon grease consists of 10~30% carbon black, and
65%~90% of poly(dimethylpolysiloxane), PDMS. It is in paste form and can be applied
on EAP film by using a small brush. The density of carbon grease is p=2.7 g/mL. As a
grease electrode, it provides excellent electrical conductivity. The conductivity of the

conductive grease is measured with a multi-meter. The resistivity is 1000 ohms-cm.
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As a compliant electrode, the conducting grease is very good. With actuator strains
below 50%, there is no signification migration of the electrode materials. The drawbacks

of a grease electrode are that it is messy to handle and difficult to pattern.

5.3.3 Conducting Silicone Rubber Electrodes

To make electrodes more stable, the PDMS oil should be cross-linked for easy
handling. A commercial electrical conductive RTV silicone is used. This silicone is a
two-part, black, electrically conductive RTV silicone. NuSil Technology’s R-2631 is
based on a methyl silicone polymer with a service temperature range of -65°C to 200°C
(-85°F to 400°F). R-2631 may be used as RF shielding and EMI shielding for industrial
applications. In addition to protection from humidity, radiation, thermal, and mechanical
stresses, R-2631 is well suited to formed-in-place conductive gaskets. In this research,
R-2631 is the best material for patterning compliant electrodes on EAP films.

R-2631 Part A and Part B are mixed in a convenient 1:1 mix ratio with a 8-hour
working time. R-2631 may be cured while exposed to air or completely sealed at
temperatures ranging from 25°C to 150°C (77°F to 300°F). After 48 hours at 25°C (77°F),
cure is sufficient for handling; however, optimum properties will be achieved after seven
days. R-2631 conductive elastomer silicone fulfills all the requirements for complaint
electrodes. The tensile strength of R-2361 is 800 psi (~ 5.5 MPa), and elongation is about
350%. R-2631 can be made as a flexible and thin film. The volume resistively of cured

silicone is 84 ohm-cm.
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5.4 Actuator Fabrication

The theoretical dielectric elastomer actuator consists of an insulating elastomer film
with compliant electrodes on both sides. This structure is the basic structure for
fabricating a dielectric EAP actuator. In the pervious sections, possible compliant
conducting materials for electrodes are described in detail. In this section, fabrication
process of EAP actuators with a patterned electrode is demonstrated. The EAP actuator is
made by Dow Corning Sylgard 184. Both conventional lithography and casting method
are used to pattern an electrode on one side of the dielectric elastomer film. The
fabrication processes can be summarized into three parts: electrode mold, silicone film
spinning, and compliant electrode casting, and it is a new method to pattern an electrode

on the dielectric film.

5.4.1 SU-8 Electrode Pattern Design

The first step in manufacturing the SU-8 master is to draw a sketch of the desired
pattern in AutoCAD. Three different patterns were made for different diameters of lens.
Figure 5.3 shows the mask layout of electrode for 4” wafer and the detail dimensions for
all three sizes of electrodes. The compliant electrode design consists of circular plant and
has an empty hole inside. The outer diameter of the circular electrode is 6000um. The
lens is designed to be placed in the center of the electrode, so the Coulomb force,
generated between two complaint electrodes, can cause the deformation of lens. There are
three lens sizes. The diameters for inner circle are 2000, 3000, and 4000 pum. Moreover,
there is a lead for each circular electrode. The lead is designed to connect to external wire

from the power source.
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Figure 5.3 (b) Three sizes of the electrodes

5.4.2 SU-8 Electrode Master

The following steps were taken to make the SU-8 master. All work to produce the
SU-8 master was done in a clean room.
1.  Ad-inch silicon wafer was cleaned and blown dry in nitrogen.

2. The wafer was baked on a hot plate at 200°C for 20 minutes to dehydrate the
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surface. The wafer was naturally cooled down to ambient temperature after
20-minute baking.

A good amount of SU-8 50 resist was introduced at the center of the wafer
without causing any bubbles.

The wafer was spun at 500 rpm with an acceleration of 100rpm/sec for 15
seconds to spread the resist. To get the desired thickness, the wafer was further
spun again at a higher rotational speed. The following table (Table 5.1) shows

the corresponding rotational speed with the structure thicknesses.

Table 5.1 Relationship for thickness and spin speed for SU-8 50

Second Spin Speed (rpm) 4000 2000 1500

Acceleration Rate(rpm/sec) 300 300 300
Duration Time (sec) 45 45 45

Final Thickness (um) 40 72 100

5. The resist was prebaked at 65°C for 5 minutes, then 95°C for 10 minutes on a
hot plate.

6. The wafer was adjusted to the mask in a contact mask aligner and exposed to
UV of 7 mW/mm?) for 300 seconds, which should be enough to penetrate 100
pm of SU-8.

7. The resist was post-exposure baked (PEB) at 65°C for 2 minutes, then 95°C for
10 minutes on a hot plate. Following exposure, a post exposure bake must be
performed to selectively cross-link the exposed portions of the film.

8. Following development for 5 minutes in SU-8 developer (developer has to be
handled in a fume cupboard) and subsequent rinsing with 2-propanol and water,

then drying in nitrogen.
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9. The resist was postbaked on a hot plate at 120°C for 10 minutes. Figure 5.4
shows the SU-8 electrode patterns on a 4-inch wafer. All three electrode sizes

have been made on one single wafer.

Big-size Mid-size Small-size
(b)
Figure 5.4 (a) Photography for three electrode sizes made by SU-8 photoresist, and (b)
SEM micrograph for three sizes of electrode mold

5.4.3 Silicone Film Spinning

After three SU-8 master molds have been made with varying structure thickness,
these master molds are used to duplicate elastic silicone films by using spin coating
method. Before pouring the uncured elastomer onto the SU-8 master mold, a releasing

agent is needed to coat on the surface of the SU-8 master mold. Since the thickness of
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silicone film is the most critical factor to affect the performance of EAP actuation, the
thickness of the silicone film has to be minimized. However, it is difficult to peel off
elastomeric film from the master mold, if the silicone film is too thin. It is necessary to
have a releasing coat on the master surface for easy peeling off the silicone film from the
master mold. Dow Corning20 Release Coating provides a durable parting film which
effectively releases plastics, adhesives, and other elastomeric silicone film that are
sometimes difficult to release from mold surfaces. For easier application and finer control
of the amount applied to mold surfaces, Dow Corning 20 Release Coating should be
diluted to one part coating to 5-10 parts solvent: 10 parts of Dow Corning 20 Release
Coating with 80 parts isopropanol (99%). After dilution, Dow Corning 20 Release
Coating can be applied by spin coating method. Mold surfaces should be cleaned prior to
application. The best parting characteristics are obtained when this product is applied in a
very thin film.

A solution of DC Sylgard 184-base™ and DC Sylgard 184 catalyzer™ is stirred
together and degassed for 15 minutes in low vacuum. The mixture is poured onto the
center of the SU-8 master. A small pump sucks the substrate to the spinning clutch during
spinning. The spinner has options for acceleration and deceleration rates, spinner speed
up to several thousand rpm, and spinning time. Typical spinning time is 60 seconds, and a
typical spinning velocity is 500 rpm. The resulting films have a thickness of 100~120
pm.

After spinning, the SU-8 master with un-cured silicone is placed in an oven, at 70°C.

In the oven, crossing-linking is finished in 2 hours. Each film is inspected visually for
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dust specks and streaks. The result of the PDMS electrode pattern, transferred from SU-8

master, is shown in Figure 5.5.

Figure 5.5 Photograph of PDMS electrode patterns on PDMS after
peeling-off from the SU-8 master mold.

5.4.4 Conducting Film Squeegee-
Coating Processing

The electrode pattern has been transferred from SU-8 mast mold to PDMS film after
the PDMS film is peeled off from the SU-8 mold. The electrode areas on PDMS film are
sunken. The depth of these hollows is depended on the height of SU-8 electrode
structures. Three different heights of SU-8 electrode structure have been prepared, and
the fabrication process has been discussed in the pervious two sections. They are 40 pum,
72 um, and 100 um in height. Compliant conducting materials, such as conducting grease
or electrical conductive RTV silicone, can be used to fill in the sunken by a
squeegee-coating process. The squeegee-coating process uses a piece of glass with a very
flat smooth edge to scrape across the PDMS top surface. Figure 5.6 illustrates the
squeegee-coating process. The extra conducting material is removed and a very flat layer
of the thin conducting film is filled in the sunken as compliant electrodes. Figure 5.7

shows the photograph of a complaint electrode.
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PDMS film after peeling-off
from the SU-8 mold

Conducting materials

Glass with a smooth edge I
Moving Direction (&1€@5€, or silicone rubber)

Final PDMS film with a
conplaint electrode

Figure 5.6 Schematic illustration of the squeegee-coating process.

Figure 5.7 Photograph of mpllat electrode
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CHAPTER 6

RESULTS AND DISCUSSION

This chapter is devoted to descriptions of experimental results, including
measurement set-ups and experimental procedures, for 3D microfluidic lens, GRIN
lenses and EAP actuators. The principles behind the optical and actuation set-up are

outlined.

6.1 3D Microfluidic PDMS Lens

The back focus length has been characterized by Contact-Angle Measurement
System (Data Physics, Future Digital Scientific Corp.). Figure 6.1 shows the contact

angle experiment set up.

Figure 6.1 Experimental setup for contact ngle measurement
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The different pressure of pumped-in fluid changes the lens’s curvature, shown in
Figure 6.2. As the fluid volume increases, the contact angle is also increasing. Each
contact angle for different pumped liquid volume is measured carefully for further lens’
optical property calculations, such as curvature, and back focal length. The curvature (R )

can be obtained by the following equation [28]:

3 :
K _[7[(2+c059)(1—cos9)2] ©.1)

where V is equal to lens’ volume and € is contact angle.

(a) initial position (b) 10ul (c) 20ul

(d) 30ul (e) 40ul () 45ul
Figure 6.2 Photo for the curvature changes of PDMS film lens with
different volume of pumped-in fluid

The curvature changes of the lens cause the focal plane shift. Figure 6.3(a) and
Figure 6.3(b) show the relationship of pumped-in volume, contact angle, and curvature.
The back focal lengths with different pumped-in volume are calculated. A microlens on
microfluidic channel is considered as a plane convex refractive lens assuming that the

lens profile is spherical.
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Figure 6.3(b) Relationship between contact angle and curvature

The back focal length ( f; ) can be obtained by the following equations [28]:

fe=n,

1+(n1—1)cosﬁR

m(n —1)

87

(6.2)

Where n;, and n, are the refractive index for PDMS microlens and water respectively

(m=1.401 and n,=1.33).

The range of back focal length is from 3.82 mm to 10.64 mm.

Figure 6.4 shows the relationships between pumped-in volume and back focal length. In

addition, numerical aperture can be calculated by the following equation:
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1

2 _1. 2 Y

NA:nz{m 2[”("1 12) °_°‘29] +1} (6.3)
n -(n,—1)°-sin” @

The numerical apertures with various focal lengths have been determined and listed in
Table 6.1. The numerical aperture can be tunable between 0.087~0.24. Table 6.1 presents
a detailed summary of the optical properties of a variable focal microlens. The detail of
mathematic calculation for curvatures, back focal lengths, and numerical apertures with

different pump-in volume is list in Appendix A.

12000 -
10000
8000 -

6000

Back Focal Length (um)

4000 1

I M 1 M i v 1 M I v I v 1

Pumped-in Volume (pm)
Figure 6.4 Relationship between back focal length and pumped-in
volume

Table 6.1 Optical properties of a 1400um diameter of microlens with
different pumped-in volume

e 1§ 1 1 1T 71 1

P“mpe‘(isz)m“me 0.0 10.0 30.0 50.0 60 70.0
Chambgs’lf’)ressme 0.71 1.06 2.12 2.83 3.54 424
Contact Angle (%) 1438 175 234 205 316 341
Curvature (pm) 3238 2538 1677 1488 1312 1210
Back F(":rﬂ)Length 10640 8307 5430 4751 4167 3815

Numerical Aperture
o 0.09 0.11 0.17 0.19 0.22 0.24
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A comprehensive finite element analysis for PDMS microlens under various internal
pressures has been performed. Figure 6.5 shows the lens deformation and stress
distribution on the cross-section of microlens. Furthermore, a 3D model has been created
to provide more accurate results shown in Figure 6.6. The maximum stress occurs on the
most outer ring of the lens’ bottom surface. The thickness on outer ring of lens’s body is
thinner than one on the center of lens. By applying a uniform pressure on the bottom
surface, the stress on the outer ring will increase more than the other area of the lens. The
results for curvature changes due to the pressure applied agree with the experimental

results.

(b)
Figure 6.5 2D ANSYS simulation of microlens (a) for deformation,
(b) for stress distribution
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Figure 6.6 3D ANSYS simulation of microlens (a) for stress on
bottom surface (b) for stress on top surface

6.2 Silicone-Based GRIN Lens

Two experimental setups have been established for diverging and converging GRIN
lenses. Figure 6.7 and Figure 6.8 show the configurations for each testing system for
diverging GRIN lens and converging GRIN lens, respectively. From Figure 6.7, d1 is the
distance between CCD camera and a double-side convex lens, and d2 is the double-side
convex lens to the GRIN lens. The distance d3 is the space between object to the GRIN
lens. From Figure 6.8, d4 is the distance between CCD camera and a converging GRIN

lens. The distance d5 is the space between object to the GRIN lens.
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CCD Camera Double-Side Diverging Object
Convex Lens GRIN Lens

Figure 6.7 Optical setup for diverging GRIN lens

CCD Camera Converging Object
GRIN Lens
Figure 6.8 Optical setup for converging GRIN lens
In Figure 6.9, the optical results show that the objective images are reduced through
the diverging GRIN lens. A diverging GRIN lens with 2.0mm in diameter is demonstrated
in the experiment. The diverging GRIN lens reduces the objective’s image and provides
very good optical quality. However, the experimental testing results for a converging
GRIN lens are not as satisfying as the ones for a diverging GRIN lens. Figure 6.10 shows
the image through the converging GRIN lens. These images do show that the image of
the object is magnified, but the image is not very clear. A further research on material

design, and fabrication techniques is needed to improve the imaging quality of the

converging GRIN lens.
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(c) Test 3 T (d) Test 4
Figure 6.9 Images obtained from CCD camera through a diverging GRIN lens

(2) (b)
Figure 6.10 Images obtained from CCD camera through a converging GRIN lens
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6.3 Silicone EAP Actuator

Silicone actuators are manufactured by the procedure described in Chapter 5. One
compliant electrode is patterned on one side of silicone film. On the other side of the film,
the other electrode is made with conducting carbon grease. Conducting carbon grease is
transferred to the film using a small hairbrush. This electrode is as conducting as the
electrode made earlier, and it is stable. The final thickness of the silicone film is ~120um,
after spin coating and peeling-off from the SU-8mold. Because the different heights of
SU-8 mold structures, they are 40um, 72pm, and 100pm, the thicknesses of the PDMS
film between two electrodes are 80um, 48um, and 20um. A simple sketch illustrates the

thickness for SU-8 microstructure and PDMS film, shown in Figure 6.11.

40um SU-8 Mold

100um SU-8 Mold

Figure 6.11 Sketch for three different heights of SU-8 electrode
molds with a same thickness of PDMS
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6.3.1 Deflection Testing Setup

The actuator was mounted in the actuator test bench, and was measured using the
experimental setup shown in Figure 6.12. A visible light impinges perpendicular to the
center transparent portion. Upon changing the voltage difference between two electrodes,
the membrane deforms, focusing the collimated light. The EAP actuator sits on a XYZ
micromanipulator. XYZ micromanipulator is a stage which can be moved in X-, Y-,
Z-directions. The focal spot image is visualized with a CCD camera by adjusting the
vertical distance between the EAP actuator and the microscope objective. A RC circuit is
used to control the applied voltage between two complaint electrodes. The RC circuit and
other electrical setup for transferring low DC voltage to high DC voltage are described in
the next sections.

The focal length was measured from the center point of the un-deformed PDMS
membrane. The center point on the top surface corresponds to the zero reference point of
the XYZ micromanipulator. By vertically adjusting the XYZ stage, the focal plane of the
EAP actuator is brought into focus, and the corresponding distance is recorded by Nikon
digital height gage (MF-501+MFC-101). The positioning precision of the XYZ
micromanipulator is less than 0.5um, and the accuracy of Nikon digital height gauge is
1.0um. Therefore, the accuracy of the measurement is limited by observer’s ability to
visually identify the smaller and more intense focused spot while observing it real time

through the CCD camera.
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Figure 6.12 Experimental setup for measuring the deflection of EAP
actuator.

6.3.2 RC Circuit and a DC-to-HV
DC Converter Setup

Capacitors and resistors are often found together in a circuit, called an RC circuit.
There are two situations: charging and discharging. In the charging mode (switch S is on),
current begins to flow through the circuit, shown in Figure 6.13(a). Electrons will flow
out of the negative terminal of the power supply, through the resistor R, and accumulate
on the upper plate of the capacitor, and electrons will flow into the positive terminal of
the power supply leaving a positive charge on the other plate of the capacitor. As the
charges accumulate on the capacitor, the current is reduced until eventually the voltage
across the capacitor equals the voltage of power supply, and no further current flows. The

potential difference across the capacitor, which is proportional to the charge on the
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capacitor (V=Q/C) thus increases gradually. The product of the value of the resistance
times that of the capacitor is called the time constant T of the circuit: T =RC; it is a
measure of how quickly the capacitor becomes charged. Specifically, it can be shown that
the product RC gives the time required for the capacitor to reach 63 percent of full
voltage.

The other mode is called the discharging circuit. When a capacitor is already
charged, it is allowed to discharge through a resistance R. In this case, the switch S is
turned off, and there is no power supply, shown in Figure 6.13(b). When the switch is
closed, charge begins to flow through resistor R from one side of the capacitor toward the
other side, until it is fully discharged. The voltage falls 63 percent of the way to zero in a

time t =RC.

Ri R:

N\ NN

@ l
~
S \: S
]
v — S p— g R vy G g R:
: AP ACtuator) (AP ACumton)
|
H
pc |
Power Source

Charging Mode Discharging Mode
(Switch on) (Switch off)
(@ (b)

Figure 6.13 RC circuits in (a) charging mode, and (b) discharging mode.

In this RC circuit design, the capacitor is replaced by the EAP actuator. The DC
power source consists of two components; DC power supply and “DC to HV DC”
converter. Since the EAP actuator needs a high DC voltage, a converter is used to transfer
the DC voltage from the power supply (0~13 Volts) to high DC voltage (=5000 Volts). A

“DC to HV DC” converter, from EMCO G50, is a small device which its isolated output
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voltage is directly linear proportional to the input voltage. The relationship between input
voltage and output voltage is shown in Figure 6.14. The resistivity of R; and R, are SMQ
and 10MQ, respectively. Both R; and R, are large to decrease the current flow for safety
reasons under a high voltage condition. Moreover, the value of R, is much larger than R,
and the discharging current must be minimized for safety, so the discharge is much
slower than the charging process. The EAP actuator can be repeatedly charged and
discharged.

6000

5000

4000+

3000 -

2000

Output Voltage (Volt)

V(output)=467.66*V(input) -90.04

1000

a v T v T v T v T T T d 1
0 2 4 6 8 10 12

Input Voltage (Volt)

Figure 6.14 Linear relationship between input and output voltages from a DC-DC
converter

6.3.3 Deflection Results of EAP Actuator

In this EAP deflection testing setup, there are three design parameters: thickness of
PDMS film, electrode material, and electrode size. Samples were prepared with 20, 48,
80um in thickness, three different sizes of electrodes, and carbon grease and conducting
silicone rubber as electrode materials.

The actuator was mounted in the actuator test bench described above. The voltage

was applied from OV to 13V in steps of 1.0V. The deflection in the center of PDMS film
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was measured and recorded. Table 6.2 shows the comparison of maximum deflection in

the center of the film with different electrode materials.
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Table 6.2 (a) Comparison of EAP thickness and electrode size at an applied voltage of
13V and carbon grease was used as the electrode material

EAD D% S | 34000pum (Big) | @3000um (Mid) | 22000um (Small)
20pum 0.240 mm 0.281 mm 0.380 mm
48pum 0.228 mm 0.242 mm 0.344 mm
80um 0.222 mm 0.240 mm 0.317 mm

Table 6.2 (b) Comparison of EAP thickness and electrode size at an applied voltage of
13V and conducting silicone rubber was used as the electrode material.

AP peletrodeSze | Z14000pum (Big) @3000um (Mid) | ©2000um (Small)
20pum 0.237 mm 0.429 mm 0.523 mm
48um 0.223 mm 0.276 mm 0.398 mm
80um 0.234 mm 0.264 mm 0.292 mm

From the experimental results on maximum deflection in Table 6.2(a) and Table
6.2(b), there is more deflection when the electrode size decreases with the same EAP
thickness. Under the same size of electrode, the thinner EAP film can produce more
deflection. In addition, it shows that there are no significant changes on the maximum
deflection between EAP thickness of 48um and 80um. As expected, the thinner PDMS
film with small electrode size can produce the most deflection. The main reasons for this
effect were due to the larger actuation area and the thickness of PDMS film. From

Equation 5.14 in Chapter 5,
O.____.g:gr.go-E2=gr-go-(§)2oc(%)z (6.4)

The stress depends upon the applied electric field to second order. Writing the electric
field as E=V1, it is seen that the thickness of the insulating elastic film does enter, and in

fact the stress is inversely proportional to the square of the thickness. Thinning the PDMS
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film causes to increase the stress; thus producing the largest deformation. The
experimental results match with theoretical principle.

Under the same PDMS thickness and electrode material, the deflections versus
applied voltage with the same PDMS thickness are shown in Figure 6.15 for carbon
grease as electrode material, and Figure 6.16 for conducting silicone rubber as electrode
material. All plots show that the curves do not retrace themselves on the same path; this
phenomenon is called hysteresis. The data serves as evidence of the statement made in a
recent paper about the hysteresis behavior of the EAP actuators [36]. Moreover, the
deformation shows nonlinear properties from the experimental results. Nonlinearity and
hysteresis behaviors have become the difficulties in characterizing EAP actuators. To
support the need for reliable data, a characterization technique is developed to quantify
the electroactive responses and makes sure all other parameters are same except the
controlling parameter. Figures 6.15 and 6.16 show that the dimension of the electrode
does affect the performance of deflection. The larger actuation area can produce higher
deformation. Therefore, the smallest hollow hole in the center of the electrode can
produce the maximum deformation. In general, the deflection performances of mid-size
and big-size electrodes have very similar deflection paths when the applied voltage is
increased in charging and discharging modes. Comparing the maximum deflection at 13V
of input voltage, the smallest electrode size has the highest deflection, and the biggest
electrode has the lowest one. As seen in Figure 6.15, and Figure 6.16, they show
deflection measurements obtained on the same thickness of PDMS film and two different
compliant materials for electrodes with three different electrode sizes: big, mid, and small.

These plots include all the measurements of charging and discharging condition.
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Figure 6.15 Deflection measurements with different EAP thicknesses
(carbon grease)
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Figure 6.16 shows deflection measurements obtained on the same thickness of
PDMS film and conducting silicone rubber, as the electrode material with three different
electrode sizes: big, medium, and small. These plots include all the measurements of
charging and discharging condition.

From the results in Figure 6.15 and Figure 6.16, it can be concluded that the smallest
size of electrode in all possible conditions produces the largest deformation. In Figure
6.15 and Figure 6.16, they indicate the comparison of the EAP deflection with same
PDMS film thickness and electrode material. However, the other factor, which can affect
the EAP performance, is the thickness of the PDMS film. In Figure 6.17, the thinner
PDMS film has higher deformation. Conducting silicone rubber, as electrode material,
together with 20pm thick PDMS film can produce the largest deflection. 20um thick
PDMS with small-size carbon grease electrodes is the optimum configuration for
maximum deflection. Despite the maximum deflection at a high voltage, the deflection
path for different electrode materials should also be taken into account in the design
considerations.

Figure 6.18 indicates the deflection path for charging and discharging modes for two
different electrode materials. In particular, it shows that conducting silicone rubber used
as the electrode material can produce a higher deformation comparing with carbon grease
with different applied voltage. Note should also be taken of the charging and discharging
paths. The charging and discharging paths for carbon grease are much closer than the
ones for conducting silicone rubber. Therefore, the carbon grease EAP actuator can

provide with more stable and controllable deflection than conducting silicone rubber.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

A 3D flexible PDMS microlens and a controllable focusing module are successfully
fabricated and characterized. Furthermore, a novel PDMS casting process with PDMS
mold to fabricate PDMS microlens film is developed. This fabrication technique provides
high optical properties, high dimensional accuracy, and low cost for mass production.
Micro lenses with a diameter of 600~1400 pm are fabricated using this fabrication
technique, and the optical and mechanical properties of this prototype device are
characterized. The surface roughness of the PDMS lens was 18 nm. The curvature
changes of the microlens were from 1210pum to 3238um. With this wide range of
curvature changes, we can control the back focal length from 3.82 mm to 10.64 mm, and
numerical aperture between 0.09 to 0.24. The numerical aperture of this optical device
can reach 0.24 which is about 4 times that of a conventional planar diaphragm (NA=0.05).
These results prove the possibility of using the present lens’s model for many optical
applications. Its benefits are applicable not only to various optical MEMS applications
such as tunable range wavefront sensors, beam spanning control for free space optical

actuation, but also to biomedical applications.
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A second method to fabricate a dynamic tunable focusing length lens has been
introduced by coupling polymeric GRIN lens with an EAP actuator. GRIN lenses are
developed using lithographic and diffusion techniques to make flexible polymeric lens. A
new two-step polymerization has been designed for fabricating silicone-based GRIN
lenses. This fabricating technique uses two different silicone materials with different
curing systems, addition cure and UV cure. The characteristics of these silicone-based
GRIN lenses are that they are deformable under an applied force, dielectric in the electric
field, and these lenses have a gradient refractive index distribution with an An of nearly
0.03. Many silicones systems have been examined to fabricate GRIN lenses. Converging
and diverging lenses have been developed by changing the matrix and diffusant materials.
The optical properties for diverging lenses have a very high quality images; however, the
objective image goes through the converging lenses and becomes blurred. A large
improvement is still needed to modify the silicone system for a better converging GRIN
lens.

EAP actuation is another method developed to control the focal length of a
polymeric lens. By compressing a polymeric film in thickness and expanding the film in
area, it can be carefully evaluated to integrate with GRIN lens in order to change the lens’
shape and the optical properties such as focal length. By changing the physical
appearance of flexible polymeric GRIN lens in thickness and area, the dimension of
GRIN lens is changed and the focal length of GRIN lens can be controlled. The reason
for studying EAP actuation as a tunable focal lens mechanism is not hard to see: EAP
actuator converts electric energy to mechanical deformation. This understanding draws

attention to control the focal length of a flexible polymeric lens preciously by adjusting
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the applied voltage. The operating setup of EAP actuator is much simpler than
microfluidic actuation system also presented in this dissertation. As a matter of fact, there
are some drawbacks of using fluidic pressure driven mechanism such as slow response
time, complicated packaging process, and low reliability. Consequently, EAP actuation
can achieve much faster response time and simple assembly than variable focal length
liquid filled lens with an external pump.

Procedures for manufacturing of EAP actuator with different size of electrodes are
presented. Silicone actuators are made from spun elastomer films. Electrode structures
are also patterned on the elastomer film. Experimental results on deflection were
observed with different electrode sizes, electrode materials and EAP film thicknesses.
The maximum deflection is 523um in the center of a 20pum thick EAP film with a
small-size, conducting silicone rubber electrode. However, 20pum thick EAP film with a
small-size, carbon grease electrode can produce more stable deflection curves in charging
and discharging modes. Different configurations of EAP actuators have been observed
with various input voltages, all share one common drawback: the driving voltage is high.
Typical driving voltages lie in the range between 1kV to 5.5kV, depending on the
polymer breakdown field and thickness of the polymer film.

At current stage, the GRIN lens is not yet coupled with EAP actuator. Therefore, the
complete optical measurements can not be presented in this dissertation. Comparison
with microfluidic lens and EAP GRIN lens is also not included. The final development
related to the integration of silicone-based GRIN lens with EAP actuator is expected to
evolve as the field is advanced and the fully-package of GRIN lens driving with EAP

actuation is future research work.
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7.2 Future Work

In continuation of this research work, there is room for improving in areas such as
the optical measurements of microfluidic lens, and the integration of GRIN into EAP
actuation system. With the optical measurements, 3D PDMS lens with microfluidic chip
can have a complete device with fabrication process and testing data. This information is
very important for studying on microfluidics system.

For silicone-based GRIN lens, different silicones and curing systems should also be
examined. Some systems may provide An value greater than 0.03, but it is unknown if
these index gradients can be created over large distances. Additionally, a diffusion model
of these large distance remains to be developed in many cases.

The final stage will be to integrate an elastic GRIN lens into EAP actuator for a

complete optical microlens system with dynamically variable focal length.
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Calculation of Back Focal Length and Numerical Apertures
for Mcirofluidic Lens

Radius of microlens (r0):
r0:= 700 um

The maximum height (h) in the center of convex microlens was measured from the CCD images.
Because the radius of the microlens is known, the maximum height in the center of the convex
microlens was calcuated by scaling the height to the radius of the microlens. The corresponsing
pump-in volume (Vol) is listed:

0 65.625
10 76.5625
20 98.4375
30 125.7813
40 153.125
S n | | 1640625 um

55 169.5313
60 175

65 192.5
70 202.3438
75 218.75
80 223.125 )

The curvature of the mcirolens can be calculated by the following equation:

i:=0.11
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The contact angle (6) was obtained by using a using a contact-angle
measurement system (Data Physics, Future Digital Scientific Corp.).

13.4)
14.8
17.5
21.1
234
0= 263 degree
27.6
29.5
30.2
31.6
322

34.1)

The backfocal lenght (fz) can be calculated by the following equation:
n.. := 1.33 Refractive index for water

ng = 1.401 Refractive index for PDMS

ei,OY
-1 + (nd - 1) . cos(3.14 . 1_80—)_

Lo W ng-(ng-1) Ko

10638.5

um
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The numerical aperture of a lens system is defined to be the sine of the angle, 81, that the marginal ray
(the ray that exits the lens system at its outer edge) makes with the optical axis multiplied by the
index of refraction (n ) of the medium. The numerical aperture can be defined for any ray as the sine of
the angle made by that ray with the optical axis multiplied by the index of refraction: NA = nsing.
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Abstract

A new polymer microlens with variable focusing properties is designed and
fabricated. The microlens consists of a thin diaphragm with 3D convex lens,
chamber and microchannel, which are made of polydimethyl-siloxane
(PDMS). A novel fabrication approach has been developed to cast the
PDMS microlens film using a PDMS mold. The elastomeric PDMS
microlens film acts as a diaphragm. The flexible PDMS microlens and
diaphragm are integrated on a microfluidic chip. By varying the pressure in
the microfluidic chamber, which produces a shift in the microlens’ focal
plane, this can change the back focal length of lens. The new fabrication
method provides easy fabrication, low-cost production and precise
dimension control. Measurement with an atomic force microscope reveals
that the surface roughness of the lens is 18.6 nm, and real-time contact-angle
measurements show the back focus length tuning range is from 3.8 mm to
10.6 mm. The variable focal length of the microlens is critical to increase
the efficiency of the light detection in optical or biophotonic applications. In
this paper, the fabrication processing, mechanical and optical property

testing, and simulation results are presented in detail.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The study of variable focusing microlenses has been an area
of activity for many years. Variable focal length is a necessary
attribute in many optical applications if the object being
imaged is not in a fixed position. Several recent publications
have recognized the potential for the variable microlens to
impact significantly on the field of optical applications [1, 2].
The variation of focal length can be provided by a focalizing
mechanism that causes the focal plane to shift. Different
approaches using liquid crystal [3, 4] and the electrowetting
method [5, 6] have been investigated by some researchers,
but the liquid crystal lens is limited to small lenses and the
electrowetting liquid concept lens requires a high voltage
source. Both methods require electrodes, which are immersed
in the electrolyte solution, causing severe optical distortion.
A variable focusing liquid-filled lens with a pressure-driven
mechanism was also demonstrated [7]. However, the
numerical aperture of this lens is limited because the lens
was made by a planar glass diaphragm.

0960-1317/04/050675+06$30.00 © 2004 IOP Publishing Ltd Printed in the UK

A new concept has been developed to fabricate a flexible
polydimethyl-siloxane (PDMS) microlens with a microfluidic
chip. The microlens is a 3D convex polymer lens on
a thin diaphragm. The diaphragm is integrated on a
microfluidic chamber to simultaneously control the focal
length of mcirolens. The microchamber on the microfluidic
chip is filled with working fluid. By changing the fluid
pressure, it causes a change of curvature of the polymer lens
and this induces focal plane shift. Together with the deflection
of the PDMS diaphragm, a microlens, which is attached to
the diaphragm, can provide much higher numerical aperture
than a planar glass or polymeric membrane. Moreover, the
3D convex lens provides a focal point when the diaphragm
is at an initial position. This design of microlens, working
as the human eye’s crystalline lens, provides more flexibility
on back focal length and higher numerical aperture than
previous research on liquid-filled variable focal lenses. The
numerical aperture of the new PDMS microlens can reach 0.24
which is about four times that of a conventional planar glass
diaphragm (NA ~ 0.05) {7]. The higher numerical aperture
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microlens integrated on a microfluidic chip will perform high
resolution and high signal-to-noise detection in optical MEMS
applications. The high numerical aperture of a microlens is
critical to increase the efficiency of the detection ability. This
design has the advantages that it can be used as a microoptical
component with high numerical aperture, variable focal length
and low optical distortion. They make this design attractive
for the optical pickup in many applications, such as optical
switches, cameras, microscopes and optical signal processing.

In addition, a novel batch process for making polymer
lens arrays has been developed. It is a cast method to
fabricate convex PDMS microlenses on a thin diaphragm by
using a cured PDMS concave microlens master mold. This
method can produce high dimensional accuracy, high optical
quality, and high production rate with low cost. The design,
simulation, fabrication and characterization are presented in
the following sections.

2. Fabrication

A conventional lens has a fixed focal length. However, a
variable focus lens should work like a human eye’s crystalline
lens that can be deformed by muscles. A variable focal
length microlens was successfully designed and fabricated
and includes two parts: microlens diaphragm and microfluidic
chip. The PDMS thin film with convex lens is a passive
diaphragm while the microfluidic chip acts as the actuating
part. PDMS is selected as the lens material, because it
features good optical properties with large elongation and bio-
compatiblility.

2.1. Microlens film fabrication

New design and fabrication technology of microstructures
for optical clements are strongly demanded with the
diversification of optical devices and systems. One of
the key processes is 3D microlens fabrication. Several
fabrication processes for microlenses have been reported,
such as reactive ion etching (RIE) [8], ion diffusion [9],
deep proton irradiation [10], and physical methods such
as hot embossing [11], injection molding micromachining
[12] and photoresist reflow [13]. The microlens materials
are varied depending on the fabrication methods, which
include polymethyl methacrylate (PMMA), photosensitive
glass, photopolymers and UV curable resins [14]. However,
each microlens, which is produced from the above methods,
has a rigid structure with a unique focal length. Most of
their fabrication processes are complicated and require specific
facilities for producing microlenses.

A novel PDMS casting fabrication process has been
developed. The processing schematic is shown in figure 1.
To fabricate the microlens by molding, a mother lens of
the same shape as the final PDMS lens is needed. The
photoresist reflow method is used to make the mother
lens. The first step is to generate a photoresist pattern by
conventional photolithography. Secondly, the photoresist
pattern is thermally treated for reflowing into a lens shape.
The photoresist reflow method, suggested by Prpovic in 1988,
is to melt photoresist structures to form small lens shapes due to
the surface tension of the liquid resist [14]. SEM photographs
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L, PSR

patterned on the wafer

Microlens array after
heat treatment

PDMS cast on the
PR lens array

PDMS master mold

PDMS spin-coated
on master mold

Final PDMS lens film

Figure 1. Fabrication sequence for an array of polymer microlenses.

(@)

®)

Figure 2. SEM images of 1400 um diameter photoresist microlens:
(a) single spherical lens, (b) an array of microlenses and (c) closer
view of the edge of a photoresist microlens.

of a photoresist microlens with a diameter of 1400 um and an
array after the thermal reflow process are shown in figure 2.
The photoresist we used is AZ 100XT. The photoresist patterns
are thermally treated on a hot plate, and the reflow temperature
is 120 °C, and the reflow time is 60 s.
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)

Figure 3. SEM photographs for (a) PDMS concave master and (b)
final PDMS film with convex lens.

After completing the photoresist mother lens, the next step
is the transfer of the photoresist microstructure to a PDMS
master by a casting method. PDMS is chosen as a master
material because it provides high-dimensional accuracy, and
easy fabrication. Dupont Sylgard 186 silicone is used as the
master material. After the PDMS master is cured in a vacuum
oven for 2 h at 5 mTorr of pressure at 75 °C, the mold is peeled
off from the mother lens wafer. The PDMS master consists
of a concave microlens array. Figure 3(a) shows the SEM
images of the master. The diameter of the concave surface is
1400 pm.

The final step is spin-coating PDMS on the PDMS master.
Depending on the spinning speed, a thick or thin film with a
unique dimension of microlens can be obtained. Then, PDMS
film is cured for 2 h at 5 mTorr of pressure at 75 °C. Finally
the lens film was peeled off the PDMS master. Since the
new PDMS layer does not crosslink with the cured PDMS
master mold at the interface during curing process, it is easy to
peel off the film from the master mold. The SEM pictures in
figure 3 show a PDMS mold and PDMS microlens film with
a microlens (1400 um at diameter and 85 pm height at the
center of lens).

2.2. Microfluidic chip fabrication

The microfluidic chip includes a silicon chamber, and a PDMS
chamber block with an inlet channel. Figure 4(a) shows
a cross-section view of the microfluidic chip structure. It

<100> wafer
with a 1400 um

PDMS Microlens through hole

a
9
g
8
g
v »
/////; g
)
PDMS Block with a
Connector

(a)

®)

Figure 4. (a) Schematic cross section for microfluidic chip structure
and (b) a prototype of variable focal lens with microfluidic chip.
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Figure 5. Surface profile for the photoresist microlens.
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Figure 6. The plot for force versus displacement.

is necessary to have a silicon wafer between the PDMS
microlens film and PDMS chamber block. The silicon wafer
provides a smooth and rigid surface for bonding with both the
PDMS microlens film and PDMS chamber block. A through
hole on the silicon wafer with a diameter of 1400 pm is formed
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Table 1. Comparison of surface roughness for the photoresist
microlens, the PDMS master and the final PDMS microlens.

Photoresist PDMS  Final PDMS
microlens master  microlens
Average 8.61 17.2 18.6

roughness (nm)

Figure 7. Experimental setup for contact-angle measurement.

by inductively coupled plasma (ICP) dry etching. A chamber
mold is designed and built to create a circular chamber with an
inlet channel. PDMS prepolymer mixture is then cast to form
the body of a 1400 um chamber and a channel. The PDMS
mixture is subsequently cured in an oven for 2 h at 75 °C. The
cured PDMS chamber is peeled off from the mold.

Finally both the lens film and PDMS chamber block are
bonded to the silicon substrate by using a high strength epoxy
to avoid any leakage (Devcon All Purpose Epoxy). The overall
dimension of the prototype, as shown in figure 4(b), is about
Smm x 4.5mm x 2.5 mm (L x W x H).

3. Experimental results

PDMS microlenses, diameter range from 600 pm to 1400 zem,
are successfully fabricated. In this paper, a microlens with
1400 pm diameter is used for characterization. The surface
profile, mechanical and optical properties of the PDMS
microlens have been characterized. In addition, a simulation
with finite element analysis (FEA) has been performed.

The surface profile of the melted photoresist microlens
is measured using a Tencor Alpha Step 500 System. This
equipment uses a stylus with a 2 zm chisel head as a probe
and scans the sample surface. Figure 5 shows the surface

profile of a photoresist lens. The height of the photoresist
mother lens is 85 pum at the center point and the diameter is
1400 pm (figure 5).

The surface roughness of the mother lens and PDMS
master mold are the very important parameters, which may
affect the optical properties of final lens. An atomic force
microscope (Quesant Instruments scanning probe microscope,
AFM) is used to examine the surface roughness. AFM
provides true 3D topographic images, which also yield surface
roughness data on the nanometer scale. The analysis results
of the photoresist microlens, PDMS master and final PDMS
lens film are shown in the table 1. The results indicate that
surface roughness is changed after each processing step of the
PDMS coating and peel-off process. However, the surface
roughness of the PDMS master and the final PDMS microlens
film do not have a significant change. The roughness for both
the master mold and final PDMS microlens film is about 17—
18.6 nm, which is still in an acceptable range for optical lens
requirements.

The mechanical properties of the PDMS film were
examined by applying a load at the center of the PDMS
film. The corresponding deflections with various loadings
are measured. Figure 6 shows a linear relationship between
applied load and deformation at the center of the film. The
maximum loading force for 100 pwm thick PDMS film is about
20 g. The PDMS film can be ruptured if the force is larger
than this value.

The back focus length has been characterized using
a contact-angle measurement system (Data Physics, Future
Digital Scientific Corp.). Figure 7 shows the contact-angle
experiment setup. The different pressure of pumped-in fluid
changes the lens curvature, as shown in figure 8. As the
fluid volume increases, the contact angle also increases. Each
contact angle for a different pumped liquid volume is measured
carefully for further lens optical property calculations, such as
curvature and back focal length. The curvature (R) can be
obtained by the following equation [15]:

:l%

3v
R=
(2 +cos (1 —cos 9)?

where V is lens volume and # is the contact angle.

The curvature changes of the lens cause the focal plane
to shift. Figures 9(a) and (b) show the relationship of the
pumped-in volume, contact angle and curvature. The back
focal lengths with different pumped-in volume are calculated.
A microlens on a microfluidic channel is considered as a
plane convex refractive lens assuming that the lens profile
is spherical. The back focal length (fg) can be obtained by the

(@)

)

©

Figure 8. Photos for the curvature changes of the PDMS film lens with different volumes of pumped-in fluid: (a) initial position,

(b) 20 1 and (c) 45 pl.
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354

304

20

Contact Angle (Degree)
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Table 2. Optical properties of a 1400 um diameter microlens with different pumped-in volumes.

Photos CF 7 F F F
Pumped-in volume (1) 0.0 10.0 300 500 60 70.0
Chamber pressure (psi) 0.71 1.06 212 283 354 424
Contact angle () 14.8 175 234 295 316 341
Curvature (pm) 3238 2538 1677 1488 1312 1210
Back focal length (pm) 10640 8307 5430 4751 4167 3815
Numerical aperture (NA)  0.09 011 017 019 022 024
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Figure 9. (a) Linear relationship between pumped-in volume and
contact angle. (b) Relationship between contact angle and curvature.
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Figure 11. 2D ANSYS simulation of microlens (a) for deformation
and (b) for stress distribution.

Where n; and n; are the refractive indexes for the PDMS
microlens and water, respectively (n; = 1.401 and n, = 1.33).
The range of back focal length is from 3.82 mm to 10.64 mm.
Figure 10 shows the relationship between pumped-in volume
and back focal length.

o

Figure 10. Relationship between back focal length and pumped-in

volume.

following equation [15]:

/e

In addition, numerical aperture can be calculated by the
Pumped-in Volume (um) following equation:

-

nZ[1+(ny — 1) cos#)?
n(n; — 1)2sin?9
The numerical apertures with various focal lengths have been

determined and listed in table 2. The numerical aperture
can be tuned between 0.09 and 0.24. Table 2 presents a

NA =n, +1

1+ (ny—1)cosh
ni(n; —1)
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)

Figure 12. 3D ANSYS simulation of microlens (a) for stress on
bottom surface and (b) for stress on top surface.

detailed summary of the optical properties of a variable focus
microlens.

A comprehensive finite element analysis for a PDMS
microlens under various internal pressures has been
performed. In figure 11, it shows the lens deformation
and stress distribution on a cross section of the microlens.
Furthermore, a 3D model has been created to provide more
accurate results in figure 12. The maximum stress occurs on
the outer most ring of the lens’ bottom surface. An outer ring
of the lens’s body is thinner than one at the center of lens. By
applying a uniform pressure on the bottom surface, the stress
on the outer ring will increase more than the other areas of
the lens. The results for curvature changes due to the pressure
applied agree with the experimental results.

4. Discussions and conclusions

A new flexible PDMS microlens and a controllable focus
module are successfully fabricated and characterized. A novel
PDMS casting process with a PDMS mold to fabricate the
microlens film is developed. This fabrication process provides
good optical properties, high dimensional accuracy and low
cost for mass production. Microlenses with a diameter of
600-1400 p«m are fabricated using this fabrication technique.

680

The optical and mechanical properties of a prototype are
characterized. The surface roughness of the lens was 18 nm.
The curvature changes of the microlens were from 1210 um
to 3238 um. With this wide range of curvature changes,
we can control the back focal length from 3.82 mm to 10.64
mm, and numerical aperture between 0.09 and 0.24. These
results prove the possibility of using the present lens model
for many optical applications. Its benefits are applicable not
only to various optical MEMS applications such as tunable
range wavefront sensors, beam spanning control for free-space
optical actuation, but also to biomedical applications.
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Ness Display Co. Lid.
{vaww.nessdisplay.com),
South Korea, will build a
$40- $60 million organic
light cmitting diode (OLED}
plant in Singapore to pro-
duce 15-20 million display
panclsiyear by 2006.

Pasadena, Calif.-based
Arrowhead Research Corp.
{htip:/farrowres.com) will
form a subsidiary to pro-
duce an ulteathin crystal
nanotitim technolngy devel-
oped by Harry Atwater tram
the Califormtn tnghifute of
Tachmdony.

Wurkd's first databank for
all living systems (microbes
1o DNA sequencing) will be
at Bridging the Rift (BTR)
Center (http:/fip.cals.
cotnell.gdu/btry, 50 mites
south of the Dead Sca. and
led by Cornell and Stanford
Univ,

Bothell, Wash.-based
Microvision {wwv.micro-
vision.com) has a $1.0 mil-
lion contract with an Asian
manufacturer of printers/
office squipment to develnp
2 MIMS-hasad scanmng
angine tur tugh-spam laser
printurs,

Fujitsu (wwne fujilsu.com),
Hikya, witl build & $1.4 bil-
lion-doiar yuakeproof plant
to peoduce chips for coll
phones, DVD recordders, angd
hi-tech gadgets. Monthly
chip turnout will be
~13,000 Si waters by 2006.
Next-gencration circults to
be produccd will be 65 nm
wide.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



oy

Fluid lenses change shape

Asioved varable- focus lens sys
tem thae has ne mochuanicul
woving parts has been devel-
opid by lead project leader
Steinn Kuiper wné collvazuvas ul
Phileps Rezeareh in Bindhoven,
the Notherlunds, Colled the
Tuidbusus swsban, 1 miaiics
e action of the haan eve
usiog w tluid dens that alar s
fugal length by changing shape.
The lons, whiich lemds itsell w 4
lugh volums  manufacturng,  ©
pveronmies the tised focus dis
advantapes ol many of the low-
CoRt IMaERINg SYICmS. |
The lens consists ol twa
rnntisuible Deso-miong) Nuids |
went refmetive Isdes

wealing
fossarm

Fleer i

find another lens changes shape

A newv polymer microlens with variabie focusing
praperties that i idegrated s micrafluidic
¢chip has been daveloped by Jackie Chen,
Weisong Wang, Ji Fang, and Kody Varahramyan
Al Ihe Louisiana Tech Univ, Ruston, La. A cast
method is used 1 fbricata cinvex POMS (goly-
dimethyi-siioxane) microlenses (600- 1400 (im)
on a thin diaphwagm by using a cured PDMS
roncave master mold, which produces aucurs-
cy, high optical quality, and
low-cost mass production.

[he arerdens consists
of a thin diaphragm with a
3-0 gonwex lens, chamber,
amd miceochannel The
diapbragm is integratad on
a microfividic chamber to
simultaneously control the
topal iength of the micro-
lens. The microchamber on
the microfluiclic chip is
filted wealh working fuid, By
changing the fuid pressure,
it causes a change of cur-
vature af te polymer lens
and this inducss focal
plane shift. Together with
the deflection of the PDMS
tinphragm, 1he rcrolens
can provide much higher
numerical aperture than a
planaEr glass or pelynmnic
membrane—at present. 4.7
more,

I he surlace roughness of
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curvalne chanyes of the microlens being from
1210-3230 pm. With this wide range of curva-
turc changes, the back focal length can be con-
trofled from 3.82-10.64 mm, and numetical
apartura hetwern 008-0.24. The varishile fuca)
length of the microlens is critical to increase
the cificiency of the light detection in optical or
taphioton: dpgrecations.

The maximum stress occurs on tha outer
most ring of the lens' bottorn surface. An quter
ring uf the lens' body is thinner than one at the
center of the [ens. By
appiying a uniform pres-
sure on the bottom sur
fare, the siress on the
outer ring will increase
morc than the other
areus of e lens. The
resuits for curvaturs

sure applied agree with
the experimantal resulls,

Potential applications
for use arc in various
apthical MEMS devices
like tunable range wave-
front scnsors, beam
spaning control fur
tree-gpace optical actli-
~ ation, and hiomedical,
The work is described in
the March 17, 2(K14
issue of the Journal of
Micromechanics and
Micrnenginesring.

For information, con-
tact Ji Fang at fang®
toextilechedr. B
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changes due to the pres-
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one an clectieadly comduchng
agqenns sotution and dwe
other an elestrcally non-con-
duuting oil. bot: contained ia
a short be with trimsparcu
end caps The mwernai -
fuces of the wike wall and onc
of its et waps are coated willy 2 ivdropliobic
eoatie that canses the agqueous solition to
fonn asell into o hemisphencal owes at the
uppsile emd ol he wbe whoe o acls @ o
spherteally curved lens,

The shape of the lens is wdiusted by nsig
the clecleowetting prycess acivss e hipdio.
phohic cong s that 1 becomes less hydro-
phebic &s the surface 1ension chanpes 1he
auecns solution beyings woswet the sidewalis
of the lube. attering e radins of corvaure oF
the mchseie hotween the two fhinds, and
thesefore, the focal length of the lens. By
increasing the applicd electriv Deld, the sar-
face nf the intnastly conveyx lens can b made
completely flat or concave  the lenses can
Gunsilion stpothily o beag cunvergent e
diverpent and hack amin,

The feny has o emn i and o 20 mnen
length, The focal ringe excends from  em fo
infinity  switching  occurs in <10 s,
Controlled by a DO vohiage and presenting o
capecitive lomd, the fean consumes virtadly
cerey power, The durabifity ol the lens i also
vary hiph having been wsmed i > 1 muthon
focusing opcrations wrthaut loss of optical
prerforia,

Did you know . . .
The US miicroftuidics maorket
was ~$128 miltion
in 2002
and is expected lo grow
fo ~S710 million
by 2008.
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